Optical Magnetism With Metallic Nano-Composites. by Cook, James.
Optical magnetism with metallic nano-composites
By
James Cook
ISul)iTiitt€;ct for tlie; (jisgrrfse; ojF 
Doctor of Philosophy
University of Surrey 
January 2013
Jam es C ook  2013
ProQuest N um ber: 27557907
All rights reserved
INFORMATION TO ALL USERS 
The qua lity  of this reproduction  is d e p e n d e n t upon the qua lity  of the copy subm itted.
In the unlikely e ve n t that the au tho r did not send a co m p le te  m anuscrip t 
and there are missing pages, these will be no ted . Also, if m ateria l had to be rem oved,
a no te  will ind ica te  the de le tion .
uest
ProQuest 27557907
Published by ProQuest LLO (2019). C opyrigh t of the Dissertation is held by the Author.
All rights reserved.
This work is protected aga inst unauthorized copying under Title 17, United States C o de
M icroform  Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 4 81 06 - 1346
Abstract
The transmission and effective magnetic properties of a metamaterial consisting of 
silver nanowires that we call a "silver nanoforest" was investigated using finite 
element numerical simulations in the optical regime. The variation of these properties 
with the arrangement and size of the nanowires was also investigated along with 
resihence to fabrication disorder. The silver nanoforest metamaterial exhibited low 
loss diamagnetism associated with Fabry Perot interference. In addition to 
diamagnetism both negative permeabihty and negative refractive index were obtained, 
but not simultaneously at same wavelength and geometry. Both negative permeability 
and negative index experienced significant loss and therefore low transmission due to 
the plasmonic origins of these effects. Magnetic responses of the silver nanoforest 
metamaterial were dampened but not inhibited by disorder, with diamagnetic response 
being the most resilient magnetic response to disorder.
A loss reduction method for split ring resonators was investigated. In our Unite 
element simulations this loss reduction occurred somewhat counter-intuitively 
through the addition of a lossy companion split ring resonator and was indicated by a 
significant reduction in absorption.
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Chapter 1: Negative refractive index and applications
1.1 Introduction to metamaterials
The response of materials around can be described using macroscopic concepts and 
corresponding properties such as strength, conductance and appearance. Although 
these are bulk properties, they relate to the materials underhning structure of 
molecules and atoms. This structure can range from ordered crystals like diamond, 
which is the hardest material known, to molecules arranged randomly such as glass, 
which breaks easily. We usually do not think of the material in terms of the 
microscopic components, but as a bulk material with consistent properties: for 
example, in considering the mechanical strength of a material we do not usually need 
to consider the quantum mechanics of the atomic bonds, but instead define a Young's 
Modulus, even though ultimately the properties of a material originate in atomic 
bonds at the quantum level. This principle of regarding the whole instead of the 
individual parts extends to all material properties, including electromagnetic 
properties, such as refractive index, permittivity and permeabihty, which are the 
characteristic responses of the material in regard to interaction with hght. In defining 
a uniform medium with a set of effective macroscopic properties we assume the 
dynamic effects of individual microscopic components of the material can be 
averaged in some way.
In natural materials the averaging is almost always appropriate with regards to 
electromagnetic properties such as refraction; as atoms and molecules are usually too 
small compared to the wavelength of light to cause individual scattering of light we 
define a refractive index or dielectric constant rather than considering the excitation 
and delayed/reduced re-radiation of each individual atomic oscillator. At these scales
the spatially varying electric field of the light can be assumed constant so it is more 
useful to think of the collective effects than the microscopic effects. This principle 
also holds for larger structures, so long as they are still significantly smaller than the 
wavelength of light. A material made out of these subwavelength structures would 
have effectively bulk properties which are rehant on the shape and composition of 
these subwavelength structures. This allows for exceptional control of the overall 
material properties. Materials made from such subwavelength structures are more 
commonly referred to as metamaterials^^.
Metamaterials have the potential to revolutionise many applications involving 
light. Before the advent of metamaterials, hght was controlled through different 
permittivity materials (c) i.e. manipulating the electrical component of hght. The 
reason the magnetic component of hght is usuaUy ignored in controlling hght is due to 
the lack of large magnetic responses supphed by natural materials at suitable 
wavelengths. However metamaterials, by virtue of manipulation of geometric 
subwavelength structures, ahow for effective magnetic responses at required 
wavelengths. This improved control of hght using metamaterials has already been 
incorporated into working devices such as internet routers' ,^ smart phones^ and even 
reducing electromagnetic radiation to mobile phone users .^ Metamaterials with 
flexible magnetic responses could potentially lead to other applications such as 
improved MRI machines^, slow hght^, cloaking^ and wireless power transfer^ ,^ in 
addition to improving exishng communication technology.
1.2 Phenomena associated with Metamaterials
1.2.1 Negative Refractive Index
When Victor Veselago in 1967'^ postulated the ramifications of a material having 
both negative permittivity and negative permeability resulting in a Negative 
Refractive Index (NRI), the relevance of NRI was academic, as no natural material 
could obtain negative permeability alongside negative permittivity at the same 
wavelength. However, with the advent of metamaterials obtaining both negative 
permittivity and negative permeability this situation changed and phenomena 
predicted by Veselago could be tested. The significance of an NRI metamaterial is 
that most optical phenomena have their effect reversed within a NRI medium. An 
example of such reversal being the frequency shift caused by the Doppler effect 
within an NRI medium^ .^ When a source of the light moves relatively to its 
surroundings, hght emitted in the direction the source is moving will be compressed 
and thus wavelength of these waves will be reduced. Conversely light emitted in the 
opposite direction will be stretched and thus wavelength of these waves will increase; 
this is the Doppler Effect in a positive index medium. In a NRI medium, the change 
in wavelength is reversed, light emitted in the direction the source is moving will be 
stretched having its wavelength increased and vice versa for hght emitted in the 
opposite direction. This inversion of electromagnetic phenomena when hght enters a 
NRI medium is based on the inversion of the k vector whereby the relation between 
the electric held, magnetic field and the k vector is changed to a left handed 
orientation^ ,^ where the k vector is pointing opposite to normal (see figure 1.1). This
results in group velocity ( ^ )  and phase velocity (^) becoming anti-parallel i.e. the
wave still travels forward, but wave fronts move backwards.
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Figure 1.1: orientation o f  k vector for light within a left-handed negative index medium (left) and 
orientation o f  k vector for light within a right-handed positive index medium (right)
Negative refraction is the most prominent effect of a negative refractive index 
and results from Snell’s law (equation 1) given one medium has a positive index (air) 
and the other medium has a negative refractive index (metamaterial) this is shown in 
figure 1 .2 .
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Figure 1.2: refraction at the interface between metamaterial and air, negative refraction occurs if  
refractive index is negative, positive refraction occurs i f  refractive index is positive
In visualising the concept of negative phase velocity in a negative index 
medium: imagine ripples on the surface of water travel outwards from where an 
object disrupts the water; normally ripples emanate out from the point of disturbance 
i.e. where a stone enters the water. If the water were an NRI medium, ripples on its 
surface, the energy (disturbance) would still move out, but the ripples would seem to 
be moving inwards. The reason that metamaterials are so vital in creating an NRI 
medium is because no natmal material has been found to have a negative 
permeability, which is needed in addition to negative permittivity to generate a low 
loss NRI medium.
When both permittivity and permeability are negative at the same wavelength 
it is not directly apparent that a NRI medium would result, given the formulation of 
refractive index (equation 2 ).
By expanding equation 2, by letting all three variables be complex, and squaring both 
sides, the imaginary part of the result is
2Re(M}Im{A2} =
The condition for negative refractive index is formed due to causality considerations, 
i.e. losses are always present in any system; therefore the imaginary part of the 
refractive index is always positive in a passive material (which, by definition, has no 
amplification). When the real part of the permittivity and the real part of the 
permeability are negative, the real part of the refractive index is bound to be negative 
as given by equation 3. It is also possible to achieve negative refractive index with 
either negative permittivity or negative permeability on their own if one component of 
equation 3 is large and negative.
The difficulty with negative refractive index achieved by only negative 
permittivity or negative permeability is that losses of the system will be naturally 
high; as large imaginary components are required to generate this negative refractive 
index. In addition, reflection from such a material will also be high, due to large 
impedance mismatch as a result of either permittivity or permeabihty being negative.
Naturally NRI mediums and therefore NRI metamaterials can provide 
significantly different interactions with hght, opening up new ways to manipulate and 
use hght; this could potentially lead to many apphcations as well as improving 
existing technology.
1.2.2 Perfect lens
Because metamaterials can be used to create NRI mediums, further theoretical 
investigation by Pendry et al^  ^ revealed the potential for sub wavelength imaging with 
a lens consisting of NRI material. It was proposed that an NRI lens could naturahy 
focus hght at two points, one focal point within the NRI lens, and one focal point 
equally distant to the image source outside the NRI lens. The proposed subwavelength 
imaging NRI lens can focus hght while being made of a rectangular slab, while in 
contrast, conventional lenses made of positive index materials need to be convex in 
shape in order to focus hght. This focusing by a rectangular NRI lens as seen in figure 
1.3.
Figure 1.3: Refraction o f  a negative refractive index medium causing light to be naturally focused  
without altering the geom etry o f  the medium into convex or concave configurations. Figure originating
in reference 2 1
The theorised NRI lens could retrieve subwavelength details of the imaged 
object in the far field, which is normally assumed classically to be impossible. This 
classical interpretation is based on the diffraction limit, which states that only details 
larger than half the wavelength of the illuminating light can be resolved in the far 
field. The reason the diffraction limit states this is that details of the illuminated object 
smaller than half wavelength are contained within the evanescent fields. Evanescent 
fields decay exponentially with distance; this leads to the conclusion that 
subwavelength details of the illuminated object are lost and unrecoverable in the far 
field. This conclusion holds in positive refracted index mediums i.e. all natural 
materials, however, due to the inversion of electromagnetic phenomena within NRI 
mediums, the evanescent waves are amplified while progressing through the NRI 
medium as opposed to decaying in a positive index medium. Hence it is possible with 
a NRI metamaterial to create a lens that can image subwavelength detail through 
evanescent amplification; this requires no active amplification, as the evanescent 
waves contain no energy, and thus can be restored by the passive NRI metamaterial.
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To obtain this perfect lens, some challenging requirements must be met; to 
suppress reflection between the lens and its surroundings, the permittivity and 
permeability both need to be -1. In addition the NRI metamaterial forming the perfect 
lens must be without intrinsic loss in order for resolution of the lens to be unlimited. 
These stringent requirements need not exclude the possibility of subwavelength 
lensing, as localised surface plasmon polaritons which will be discussed in section
3.4.4 allow for subwavelength resolution, but the negative index route to 
subwavelength lensing is likely to have less loss. Reflection and loss will be present 
in any real world material and would have to be considered in the construction of an 
NRI subwavelength lens, and as explained above, far-field subwavelength resolution 
requires amplification of evanescent helds so losses limit resolution in the far held^ .^
In addition to reflection and loss there is another problem that is not 
intrinsically addressed by the perfect lens: when light returns to a positive refractive 
index medium i.e. air, the evanescent waves will decay once more. In order to combat 
this, a mechanism for converting evanescent waves to propagating waves within the 
lens has to be found; this has lead to the idea of the hyperlens^ .^
1.2.3 The hyperlens
The hyperlens converts evanescent waves to propagating waves by virtue of its 
geometry, which is cylindrical, dispersing the waves radially, such that 
subwavelength details are enlarged beyond the diffraction limit. These enlarged 
subwavelength details are then carried by propagating waves in to the far field where 
they are imaged. This enlargement of subwavelength details by the hyperlens is 
shown in figure 1.4 along with the geometry of the hyperlens.
A g /A l2 0 3
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Figure 1.4; im age o f  a hyperlens taken from reference 24  show ing the geom etry o f  the hyper lens
The hyperlens has been experimentally shown to achieve a resolution of 70nm when 
combined with regular microscope optics while illuminated with green/blue light 
(495nm)^^. Although the hyperlens is not perfect it can enable subwavelength 
resolution beyond the diffraction limit and allows magnification of these details so as 
conventional optics can relay these details to the observer.
The hyperlens has also been considered for ultrasound^ .^ As there is an 
equivalence between the wave equations for light and sound, the same principles on 
which metamaterials function for light, are applicable to sound in 2D. A 
subwavelength ultrasound lens would be easier to manufacture, due to the larger 
wavelength of sound compared to light, allowing for precise placement with 
considerably less loss than is associated with optical subwavelength hyperlens.
The perfect resolution promised by the perfect lens is not achieved in the 
hyperlens as the hyperlens only has negative permittivity and relies on localised 
surface plasmons for subwavelength resolution. However, subwavelength resolution 
applications range from ultrasound imaging^  ^ to data storage on optical discs 
(DVD/blue ray). As for the NRI lens, material loss will always limit resolution with 
such a hyperlens^  ^ due to the plasmonic origins of the subwavelength resolution as 
will be discussed in later sections.
1.2.4 Cloaking within metamaterials
Metamaterials, unlike natural materials, can be engineered to have specific effective 
properties to the extent that these effective properties can be varied with position 
within the metamaterial. This allows for considerable control of light to the point of 
allowing light to circumvent an object, thus cloaking the object from an observer. 
This cloaking is achieved by varying the permittivity (Cr) and permeability (pr) in an 
anisotropic formation, so that light approaching from any direction is bent around the 
cloaked object, and resumes its original path upon exiting the opposing side of the 
metamaterial cloak, thus giving the impression to an observer that the cloaked area 
containing the object is empty. This bending of light around a hidden area is shown in 
figure 1.5.
The anisotropic formulation of both permittivity and permeability for a perfect 
cloak is given by equation 4, which originates from reference 28, where the radii Ri,2 
are defined in figure 1.5 and r is the radius of concern.
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Figure 1.5: path o f  light passing thought a perfect metamaterial cloak (blue), the area containing the 
cloaked object in red is not illum inated, the im age originates from reference 28
A
r (/?2  ~ ^ i) - R , +
R1R2 + f i Rj  ~ R \ ) j (4)
However, there are limitations with the metamaterial cloak, as although in principle 
an arbitrary object could be hidden perfectly from an observer for a small range of 
wavelengths, anomalies would be observable outside this wavelength range. The 
reason broadband cloaking over an entire wavelength range such as optical 
wavelengths is unfeasible is that permittivity and permeability would change with 
wavelength, and as such could not maintain the anisotropic formation required for 
anomalous cloaking. This does not reduce the relevance of the idea, as it has been 
experimentally shown at microwave wavelengths that the scattering profile of an 
object can be significantly reduced, even if the requirements for perfect cloaking are 
not met^ ’^^ °. The metamaterial cloak in question was a formation of split ring 
resonators with their sizes varied, in an attempt to accommodate the requirements of
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equation 4. This in turn required precise manufacture and was only a 2D formulation, 
so would not cloak from all illumination angles (hght bent around object in the 
horizontal plane only). The difficulty in manufacturing a metamaterial with different 
layers exhibiting varying permittivity and permeabihty has limited progress into 3D 
metamaterial cloaking. However, by reducing the dimensions of operation i.e. change 
a 3D spherical geometry to a 2D planar ''carpef % complexity is reduced, this was the 
principal idea behind the metamaterial planar cloak^\ A metamaterial planar cloak 
has the advantage of a simpler design, although places an additional requirement in 
order to hide an object; this requirement being the need for a reflective surface 
underneath the cloak. In a 3D spherical metamaterial cloak the hght is bent around the 
object to be hidden, in the case of a 2D planar metamaterial cloak this is not possible 
as the planar cloak is infinite in regards to the hght. However, an object placed 
between the planar cloak and a reflective surface is hidden, as the planar cloak will 
appear flat to an observer. A metamaterial was fabricated with the design 
requirements for the planar cloak in order to experimentally validate that an object 
could be hidden this way. This experimental cloak was formed by adding 
subwavelength holes at regular intervals into a dielectric material, which did indeed 
show that an object underneath the planar cloak was not revealed, as the planar cloak 
did appear flat^ .^
The ability to reduce the scattering of an object, or more precisely to reduce 
exposure from external radiation, has possible apphcations from radiation shielding of 
sensihve electronics to cloaking from radar.
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1.2.5 Slow light In metamaterials
Metamaterials allow for finer control of light due to manipulation of the 
magnetic component of light that normal materials do not provide. Controlled 
interaction from the outside world on the light is difficult due to the speed it travels. 
Usually, information contained within a light signal travelhng in a communication 
network is read, multiplexed and diverted by first converting the information into 
electronic form. This is relevant, as some communication networks are limited in 
speed by this conversion of light signals to electronic signals and back again. 
Increasing the speed could be achieved by extending the speed of physical devices, or 
conversely by slowing down light so that the signals can be manipulated or stored 
without conversion to electronic form. As well as potentially improving 
communication networks slow hght could also shrink optical devices such as lasers, 
as the slower the hght goes the more time there is for interaction.
Slow hght can be achieved through a variety of different methods including:
'2 g  'XA O C
Bose Einstein condensates , self induced transparency and photonic crystals . Each 
method has its hmiting requirements: device operation only close to absolute zero 
temperatures, only very high intensity hght pulses and only at wavelengths close to 
photonic band gap, respectively. The reduction of the speed of hght or the bandwidth 
of the slowed hght produced by these methods may not be significant enough for 
apphcations.
Just as Metamaterials allowed for NRI mediums, they present a new method 
for achieving slow hght. This method promised potentially to stop hght completely 
over a large bandwidth. As this method promised in theory to trap a wide bandwidth 
of hght the name coined was the 'trapped rainbow"^ .^ The trapped rainbow is 
achieved by having a metamaterial generate an NRI medium and having the NRI
13
medium shaped like a taper (starting thick and reducing in thickness as length is 
increased). At the boundaries between positive and negative index materials a 
negative Goos Hanchen shift occurs, this shifts the light backwards in regards to 
propagation. As the width is decreased along the taper this shift begins to match the 
progress of the light, the light progresses to the point where it makes no more progress 
and is trapped in a loop. Figure 1.6 illustrates the NRI waveguide and the Goos 
Hanchen shift in the case of a fixed thickness of the central negative index region, 
where the “taper” is achieved by increasing the positive index of the cladding region 
along the guide, creating the same effect.
Positive index medium
Nj^ative index medium
Positive index medium
Increasing index value of postive index medium
Figure 1.6 : light travelling along a negative refractive index w aveguide being slow ed by negative 
G oos Hanchen shift as positive refractive index o f  the cladding is being varied to make a virtual taper. 
Light eventually gets trapped in a loop, progressing no further through the negative index guide. Figure
originating in reference 36.
The Goos Hanchen shift is different for each wavelength and therefore the 
stopping condition for light is different for each wavelength within the negative index 
taper. Different wavelengths are stopped at different positions.
To produce a trapped rainbow there is no need for abnormal environmental 
conditions (low temperature, high intensity etc), the only requirement being the ability 
to produce a broadband NRI medium. Therefore the trapped rainbow inherits the
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problems associated with negative refractive index in metamaterials, this specifically 
being the loss associated with current negative refractive index metamaterials. 
However, even with the current limitations with negative refractive index 
metamaterials, realisations of the trapped rainbow have been achieved^ .^
1.2.6 Low index guides (directional antennas)
Metamaterials provide flexibility in addition to allowing access to effective properties 
out of bounds for natural materials. As metamaterials can be tailored to specific 
permittivities and permeabilities, effects relying on low refractive index or high 
refractive index can be accommodated. In antenna design metamaterials can help 
achieve directional emission, whereby light is emitted in one direction. To direct 
electromagnetic radiation to form a directional antenna a low refractive index medium 
is required; as when light is emitted from a spherical source inside a low refractive 
index material, refraction at the surface will approximately be perpendicular (90° 
degrees) to the surface when light leaves the material. This is a result of SnelTs law, if  
the refractive index of the host medium of the source is near zero, and therefore can 
be approximated as zero; the exit angle will be at a right angle to the surface of the 
material. The advantage of this is that the wave fronts can be engineered to potentially 
only be emitted in one direction, creating a directional antenna, saving power needed 
to operate the antenna, and in the case of mobile devices improving battery life^.
Another advantage metamaterials have to offer in the field of antenna design is 
the potential for reduced size of antennas. As previously discussed, metamaterial 
components are smaller than the wavelength of the electromagnetic radiation, and 
therefore can create small antennas relative to old designs without metamaterials. This 
is advantageous to compact mobile devices, as this allows for slimmer designs.
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Furthermore, metamaterials can allow for multi frequency responsive antennas, which 
have been implemented within commercially available internet routers' .^
16
Chapter 2: Subwavelength structures in metamaterials
2.1 Split Ring Resonators
The early Metamaterials were made by the combination of distributed metallic wires 
and Split Ring Resonators^  ^ (SRRs) to form an effective medium (metamaterial) with 
a negative refractive index^ ’^"^ .^ SRR's are unique in that they can achieve negative 
effective permeability, which is almost never achieved in natural materials^’ and is 
almost always required for negative refractive index. SRR's are formulated from two 
metallic rings one inside the other, each ring has a section missing in order to form 
two C shapes, this is shown on the left-hand side of figure 2.1.
Figure 2.1 ; Image on the left show s the structural formulation o f  Split Ring Resonators, im age on the 
right show s a metamaterial made o f  Split Ring Resonators and metal rods (reference 42).
The SRR possesses capacitance and inductance through its geometry: the 
capacitance arises from the space between the rings; the inductance from electrical 
current circulate around the rings. These capacitances and inductances are designed to 
create an opposing magnetic response to the incident light and hence a negative 
effective permeability response. This is achieved through the electrical current in the 
rings (induced by the electrical component of light) flowing in opposition to the
17
magnetic component of light. The negative permeability of the SRR's was combined 
with negative permittivity of the metallic rods, to form an NRI effective medium at 
microwave wavelengths as seen in the photograph in figure 2.1. By varying the 
capacitance and inductance through varying the size of the SRR's, the negative 
permeability response is moved spectrally to higher or lower wavelengths. In addition 
the metallic rods can be varied in their size and concentration to hkewise spectrally 
shift the negative permittivity response to match the negative permeabihty response of 
the SRR's.
This would indicate that SRR's and metallic rods can generate a negative 
refractive index at any wavelength; however, as wavelengths become smaller towards 
the optical regime, SRR's fail to achieve negative p e r m e a b i l i t y T h e  reason for 
this failure in effective properties in SRR's is a result of changing response of the 
component metals. At microwave wavelengths the metals constituting the SRR's 
behave as perfect conductors i.e. the large conductivity hmit apphes and the skin 
depth is large. The free electrons within the metal move in response to the electric and 
magnetic fields of the hght, producing a current, and the current flows throughout the 
thickness of the metal wire (if it is thin). Naturahy there is some loss associated with 
these currents, but the loss can be small if good metals are chosen and the thickness of 
the wire is not too small so that the surface (where defects occur) is not a significant 
fraction of the overall cross-section. As wavelengths are reduced towards the optical 
regime the frequency of oscillation of the a.c. electric wave rises and the skin depth 
falls to a few angstrom, i.e. the currents are confined to the surface of the wire. The 
effective resistance of the wire rises both because of the reduced area and increased 
resistivity (resistance R=pL/A where p is the resistivity, L the length and A the cross- 
section) so the ohmic loss therefore rises and the current falls. The over all result is a
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reduction in negative permeability generated by the SRR's. As the SRR's can no 
longer generate a negative effective permeabihty upon approaching optical 
wavelengths negative refractive index cannot be achieved with SRR's in the optical 
regime. As a consequence of this new subwavelength structures need to fulfil the role 
of generating negative permeabihty at optical wavelengths.
2.2 Chiral metamaterials
The goal of obtaining both negative permittivity and permeabihty in the optical 
regime informed the search for new metamaterials subwavelength components. Chiral 
subwavelength structures depart from this concept, achieving negative refractive 
index without detrimental loss, not by the result of both negative permittivity and 
negative permeabihty at the same wavelength. Before further elaboration on the 
mechanism for achieving this low loss negative refractive index in chiral 
metamaterials, an explanation of what constitutes a chiral structure is needed.
A chiral structure is one whose mirror image cannot be rotated to map back 
onto the original structure, see figure 2.2. This “handedness” is a broken symmetry 
that allows each one of the pair to affect circularly polarised hght in the opposite way. 
The result is “optical activity”, and each sense of circular polarisation experiences a 
different refractive index. Linearly polarised hght can have its sense of polarisation 
rotated or converted to elhptical and even circular polarisation depending on the real 
and imaginary parts of the difference for left and right circular polarisations. Chiral 
metamaterials may change the dispersion relation due to this transmission bias, such 
that with the addition of either negative permittivity or permeabihty a negative 
refractive index could be achieved with low loss. This however, comes with the 
restriction that only one polarisation of hght can experience this negative refractive
19
index. The benefit o f the chiral approach is that it promises to achieve negative 
refractive index with only one effective property being negative, while bypassing high 
losses which would otherwise be incurred.
Chiral structure
1
1
I
1
1 1
1 1 I 
1
1
1
1
Mirror image
Figure 2.2; im age show s a chiral structural w hich w hen reflected cannot be rotated back into its 
original shape. This exem plifies the v iew  that light sees w hen travelling forward (left-hand side) and 
backward (right-hand side) within a chiral structure
In regards to how negative refractive index is achieved, equations (2) and (3) 
seem unequivocal in regards to prerequisites, either permittivity and permeability are 
both negative or high electric/magnetic losses are needed with either negative 
permeability/permittivity. The latter case for negative refractive index naturally incurs 
high loss. However, when a materials electromagnetic response is not isotropic to 
light propagating in all directions with any polarisation, the added complication of 
vector interaction needs to be added to equations (2) and (3). In the case of chirality a 
term is added to equation 2 giving equation 5.
n ^= y[siu ± K  (5)
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Where % is a unit less measure o f chirality that if sufficiently large can induce a 
negative refractive index for one circular polarisation. This chirality term x: is beised 
on the interaction between electric fields and magnetic fields as they rotate through 
the chiral structure, the faster the rotation the larger the value o f K. In equation (6 ) A+ 
is the wave vector for right handed polarisation, for left handed polarisation and Ao 
is the 6 ee space wave vector. Equation 5 shows that negative index can be achieved
for one polarisation if  K is large compared with Before showing the dispersion
relation for a chiral structure, we take a brief look at the dispersion relation within a 
negative rehactive index region resulting from negative permittivity and negative
permeability.
As the group velocity o f light is parallel to the direction o f energy flow, and 
phase velocity o f light in a negative index medium is anti-parallel to energy flow i.e. 
negative, the dispersion curve of a material can clearly indicate regions o f negative 
refractive index, as the phase velocity is angular frequency (m) divided by wave 
vector (k), and the gradient o f the dispersion curves (dm/dk) defines the group 
velocity. An example originating in reference 45 shows the dispersion relation for a 
material exhibiting negative between permeability coi and cog and negative permittivity 
between C02 and (04 as seen in figure 2.3. As a result of negative permittivity and 
permeability between 0)2 and (03 negative refractive index is present. In achieving a 
negative refractive index the dispersion curve forms in such a way that when the 
phase velocity is negative, group velocity is positive and vice versa. Referring again 
back to the dispersion relations shown in reference 45, we now observe the effects of 
chirality on dispersion in figure 2.4.
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Figure 2.3: exam ple dispersion o f  a material with a negative refractive index region. N egative index 
region exists between 0)2  and 0)3 given that p < 0, w , > ( 0  >  (O3 and 8  <  0, 0 )2>(0 > ©4 . N egative gradient 
show s negative phase velocity while group velocity  is positive betw een CO2 and 0 )3 , exam ple found in
reference 45
co_A_ _
Figure 2.4: from reference 44, dispersion relation for a metamaterial containing: chiral structure with  
tw o dispersion relations (2 .4A ), a structure exhibiting negative permittivity (2 .4B ) and finally a chiral 
structural with the addition o f  a negative permittivity resonance giving tw o dispersion relations for two  
polarisations one o f  w hich exhibits a negative refractive index (2.4C ).
As previously stated, for chiral structures different polarisations of light 
experience different electric and magnetic responses, i.e. different refractive indexes. 
This manifests in figure 2.4A as two dispersion curves. Chirality by itself does not
22
give negative refractive index, as the two dispersion curves do not result in phase 
velocity and group velocity becoming anti parallel. However, by introducing a 
resonance structure to generate the negative effective permittivity, which by itself 
gives the dispersion relation seen in figure 2.4B, the dispersion relation of the chiral 
structure can be altered to that of figure 2.4C. It is evident between the angular 
frequencies of w' and w", for small k, that both dispersion curves exhibit phase 
velocity and group velocity being anti parallel. However, only the polarisation 
exhibiting positive group velocity with negative phase velocity experiences a negative 
refractive index.
To date the Swiss roU structure^ ,^ hehx shaped wires'*  ^ and planar chiral 
structures'^  ^ have been employed to generate a negative refractive index through 
chirality with the main hmiting factor being generating enough chirahty to overcome 
the initial positive index as can be inferred from equation 5.
2.3 Cut wire pairs
In the search to find a negative refractive index metamaterial that functions in the 
optical regime where SRR's do not work, new methods of generating negative 
effective permeabihty were sought. As explained above, metals used in SRR's are 
unable to produce a negative permeability at high frequency due to loss. It was 
proposed that plasmonic responses of the metals could be utilised (discussed in 
section 3.4). The plasmonic response of the component metals is used in the ''Cut 
Wire Pairs" metamaterial'^  ^ to generate a negative magnetic moment, which in turn 
provides negative effective permeabihty. The cut wire pairs are metalhc rods with 
radii much less than the wavelength of the incident hght, and with lengths comparable 
to the wavelength of light as illustrated in figure 2.5.
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Figure 2.5: Schematic cut w ire pair geom etry demonstrating how  magnetic moment arises from current 
m oving along the wires and capacitance between the wires indicated by arrows (taken from R ef 49).
The cut wire pairs’ response to light is produced by the plasmonics of the 
metal which are induced by the electric component of light. The electric field induces 
currents on the wires as shown by the arrows in figure 2.5, which couple in an 
antiparallel fashion. These currents cause a magnetic moment that opposes the 
magnetic component of light hence a negative permeability in the optical regime. The 
creation of this magnetic moment is due to current on one wire travelling anti-parallel 
to the current on the second wire resulting in a partial current circulation. If the wires 
are correctly spaced and of specific radii a negative index can be obtained^®. 
Plasmonic losses constrain viability, as low figures of merit are associated with this 
negative index structure. This high loss is expected, as resonances are required to 
generate the negative permeability of the material. Plasmonic resonances cause high 
electric fields to be generated in close proximity to metal surface, accounting for the 
high losses. However, the cut wire pair structure is a relatively simple structure, which 
is important for manufacturability of the metamaterial to prerequisites required for a 
negative refractive index.
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2.4 Fishnet Structure
The plasmonic mechanisms which generate the negative effective permeabihty of the 
cut wire pairs are also used in the fishnet s truc ture^ w hich  structurally can be 
viewed as a progression of the cut wire pairs. The fishnet structure is shown in figure 
2.6, and can be thought of as two perpendicular sets of cut wire pairs, both normal to 
the propagation direction as before, forming a lattice structure. These lattices are 
layered to form a sandwich hke structure with a high dielectric material separating the 
two lattices and low dielectric material above and below the sandwich. Similar to the 
mechanism employed by the cut wire pairs to generate negative effective 
permeabihty, plasmonic responses within the fishnet structure form into an anti- 
parahel configuration between the metalhc lattice layers. The localised surface 
plasmons are confined to the surface of the metalhc lathee, and so oscillate on the 
plane of the lathee and couple to plasmons on adjacent lathees. This couphng creates 
a movement of electrical current on opposing metalhc lattices in opposite directions, 
generahng a magnehc moment, which in turn generates the negahve effechve 
permeabihty of the fishnet structure.
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Figure 2.6: The fishnet structure from R ef 54, gold layers are divided by dielectric layer, Surface 
Plasmon Polaritons couple betw een gold layers creating the negative permeability needed for NRI.
The fishnet, like the cut wire pairs structure, is limited by high loss due to its 
plasmonics, which support the negative permeability hence having a greater negative 
refractive index than the cut wire pairs. The fishnet structure contains a large amount 
of metal compared to its volume at optical wavelengths. Metals tend to give ohmic 
loss; in addition to this the fishnet structure is not sufficiently subwavelength enough 
to avoid scattering losses. In order to be useful for applications these plasmonic losses 
need to be addressed. This constrains optical metamaterials as either a new 
metamaterial structure is discovered with losses low enough to accommodate 
applications, or the losses in the fishnet metamaterial, and other optical metamaterials 
are compensated through the addition of optical gain^ ’^
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2.5 Nanoforest metamaterials
Metamaterial structures previously mentioned have been constructed through 
techniques ranging from printing of circuit boards (microwave antennas) to 
lithography (optical negative refractive fishnet) this is known as top down approach. 
The advantage of any top down approach is that the manufactured structure is 
precisely ordered, however, for nanostructures top down approaches are limited to 
creating small amounts of the desired metamaterial structure as the processes are very 
time consuming. On the other hand, processes which grow structures are known as 
bottom up approaches and can create a significant volume of metamaterial structure 
with simpler technologies. However, in doing so they sacrifice precision. The bottom 
up structure we focus on in this work is that of nanowires packed together in a 
formation we call a nanoforest.
2.5.1 Nanoforest and negative refractive index
Theoretically nanoforests were predicted to have a potential for negative refractive 
index^ ,^ however the nanoforests investigated so far only possessed negative 
refraction^^ '^  ^as the phase velocity was found to be positive. The distinction between 
negative refraction and negative index is that the latter only occurs for an "effective 
medium'' with structure much smaller than the wavelength. An arrangement of the 
nanowires forming a nanoforest with negative refraction can be seen in figure 2.7 
originating in reference 59.
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Figure 2.7: negative refraction within a nanoforest com posed o f  silver nanowires imbedded in 
aluminium oxide, originating from reference 59.
In spite of not having a negative refractive index nanoforests can still be used 
to create subwavelength super lens^ ,^ as negative refraction is sufficient for this. Even 
without negative refraction nanoforests have proved to have useful properties example 
of which being a biosensor^ .^
Nanoforests can be very sensitive to the dielectric media they are imbedded 
within as tiny changes in the background dielectric can affect the plasmonic resonance 
of the whole nanoforest shifting the resonance spectrally. As a result of this, 
biological reactions might be measured by the collective plasmonic resonance of the 
nanoforest to a precision surpassing other methods of biological sensing.
2.5.2 A nanocomposite silver nanoforest metamaterial
Optical metamaterials such as the fishnet etc can achieve negative refractive index but 
are constrained by plasmonic loss in the negative index wavelength region. As loss 
limits the applications of structures like the fishnet, ways to bypass loss in an optical
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metamaterials and still retain negative refractive index were sought. To arrange so 
called nano capacitors and nano inductors to create a negative index transmission line 
was proposed as a possible m e t h o d ^ T h i s  idea originates from the equivalence of 
metamaterials to circuits, an example of this being that, as will be described in detail 
in Chapter 5 below, a SRR can be thought of as an electrical circuit of capacitors and 
inductors, as elements that generate capacitance and inductance are present within an 
SRR. The magnitude and number of capacitance elements and inductance elements 
determine the interaction SRRs have with light. In circuit theory a material is 
represented as a series of capacitors and inductors in a transmission line. The 
arrangement of capacitors and inductors determines whether the material has a 
positive or negative refractive index; positive and negative index transmission lines 
are shown in figure 2.8. From this formulation, if capacitances and inductances can be 
realised at the nanoscale and arranged into a negative index transmission line as in 
figure 2.8 then a negative refractive index at optical wavelengths could be achieved as 
long as all components couple^ .^
Positive refractive index 
Equivalent circuit
Negative refractive index 
Equivalent circuit
Figure 2.8: circuit model for a positive refractive index medium on left and circuit model for negative
refractive index medium on the right.
The nano transmission line however, needed a nanostructure to exhibit both 
capacitance and inductance naturally, as physically creating capacitors and inductors 
at the nanoscale for optical frequencies would be unfeasible. Applying the ideas of
29
reference 62, a formation of metallic silver wires and dielectric wires representing 
nano capacitors and nano inductors respectfully was simulated in this work. This 
structure was reduced with the removal of the dielectric nanowires as the response of 
the nanoforest was dominated by the silver nanowires. This anisotropic formation of 
silver nanowires in a dielectric medium is the main subject of investigation within this 
text and is referred to as a silver nanoforest. The geometry of the silver nanoforest 
taken from our simulations is shown in figure 2.9 along with the orientation of the 
incident light.
Transmlted wave 
in the Superspace
S o u r c e  plar»e26nm
2nm
Reflected wave 
In the Subspace
Figure 2.9: 3D  schem atical diagram o f  the “silver nanoforesf ’ metamaterial nanocom posite show ing  
scales and geom etries initially used within the sim ulation, incident radiation is transmagnetic (TM )
plane wave.
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AFigure 2.10: Picture o f  an experim entally realised gold nanoforest demonstrating shown in reference
67.
Figure 2.10 demonstrates an experimental example of a nanoforest similar in 
geometry to the silver nanoforest showing that it is possible to create such structures 
at the nano length scale. In the case of figure 2.10 the nanoforest is a gold nanoforest, 
and as can be seen from the pictures, this is a partially ordered nanoforest in spite of 
the random nature of the bottom up approach. The wires are to an extent ordered, 
however it is impossible to get the wires completely ordered, and so disorder must be 
considered with any structure grown by bottom up approaches.
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Chapter 3: Commercial software and finite element method applied in our 
numerical investigation
3.1 Finite element method
For the numerical investigation of the metamaterial structures studied a frequency 
domain finite element method solver was employed. This solver is a component of a 
commercial simulation package called JCMsuite^ .^ The finite element method divides 
the simulated structural space into small component spaces in a process known as 
discretisation. These component spaces, which are referred to as finite elements, 
approximate the overall simulation space. The finite elements are triangular in 2D 
simulations and tetrahedral in 3D simulation and are of variable size. An adaptive 
mesh of these finite elements is formulated to represent the simulated structure. In 
areas of structural change, elements are reduced in size and increased in number in 
order to accurately simulate boundaries between materials, and thereby retrieve 
accurate results.
The basis for evaluating the electromagnetic response of our metamaterial 
structures is of course Maxwell's equations; however, Maxwell's equations need to be 
formulated in such a way as to be compatible with the finite element method and 
efficiently solvable by current computers. Maxwell's 3"^  equation, Faraday's law, is
V x E  = - ^  (7)
and Maxwell 4'^  ^equation, Ampere's law assuming no current is
6E
V x B  = 4t/—  (8)
at
E is the electric field, B is the magnetic field, t is time, E is the permittivity of 
material, p is the permeabihty of material. Combining and rearranging:
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V x V x E  = - — (VxB)
= > V x V x E  = - ^
a'E
ar"
a^E=>VxVxE + 4 K /^  = 0
ar^
Assuming a wave solution for ± e  electric field where A is its amplitude,  ^is the wave 
vector, (0 is the angular frequency and x: is position in space:
E — A^i(jbr+ü*) 8'E
a e
= > ( ^ ) - 'V x V x E - f f l" E  = 0 (9)
The second order curl equation shown as equation (9) is then multiplied by a test 
function 0  and integrated over the volume O of the structure, resulting in the integral
weak form of Maxwell's equations^ :^
V x - f v x E flj^£<DE^aV = 0
The test functions 0  are then solved, given the Neumann boundary conditions
j j v x 0 V x E j 0  Fa=
(10)
V x E x n  = F
- V x E
j
a(0,E) = J’V x0
Q
/ ( 0 )  = j 0 . F ( f r
<u"g0 E ( fr
(11)
(12)
u(0,E) = / (0 ) (13)
33
The linear equations 12 and 13 can be solved and summed to obtain the electric field 
in the node points (comers of triangles) of the finite elements.
JCMsuite is a frequency domain solver, thus all solutions are steady state 
solutions as can be inferred from equation 9; as the time component is not varied it 
can be removed from both sides of equation 9. The output of JCMsuite is only for one 
set of parameters, i.e. for a singular frequency, and for a particular geometry. To 
expand our numerical studies, JCMsuite was automated by code we developed in 
Matlab. In addition to automating JCMsuite our Matlab code performed parameter 
retrieval based on transmission and reflection data, to determine effective properties at 
each wavelength sampled.
3.2 Models for the permittivity of the silver nanowires
The simulated background dielectric in our silver nanoforest had a wavelength 
independent permittivity o f e = 6.52 + Of (lossless). The silver nanowires however, 
change permittivity values with incident light wavelength, and have a non-zero 
imaginary permittivity component resulting in intrinsic loss. To simulate the 
permittivity of the silver at any given wavelength the Drude model was used, in which 
the electrons within the metal are assumed to act as a plasma. In this model the real 
component of 8
Ü) T'
(14)
where cOp is the angular plasma frequency, T is the electron relaxation time and m is 
the angular frequency of incident hght. The Imaginary component is.
w-r
(0(1 +£0’t-)
(15)
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Constants within the Drude model such as plasma angular frequency and electron 
relaxation time, which depend on the metal being modelled, were taken from 
experimental data for silver^ :^ (Op = 1x10^  ^ rad.s^ T = 3.1x10 '"^ s. The Drude model 
was considered to be applicable in all frequency regions below the plasma frequency 
of the metal.
In a modification to the Drude model, we took into account size of the silver 
element within the nanocomposite metamaterial. This modification was done using a 
correction to the relaxation time for nanosized metal inclusions, which is often
referenced in literature^ .^
Tc X ^ e f f (16)
where Xc is the corrected relaxation time for electrons due to surface scattering, V} is 
the Fermi velocity of the metal and is the electron mean free path length, this 
varies based on geometry for instance for a sphere 4/(/3, where is the radius of 
sphere. For a cylinder in the limit that the cylinder length is greater than the radius, 
27( where is the cylinder radius.
To acquire a relaxation time we inverted the Drude equations 14 and 15 to find 
the bulk relaxation time from experimentally obtained permittivity:
(w2(E'-l)4-wg)
(18)
The experimental frequency dependence of e' and e" were fitted with a cubic spline. 
It is noted at this point we have 2 equations for relaxation time of the electrons, 
equations 17 and 18, and it was found that the resulting relaxation times were not in
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agreement. The relaxation time found from the real permittivity (equation 17) was 
used to find the corrected real permittivity (using equation 16 and then equation 14), 
and similarly the relaxation time obtained from equation 18 was used to correct the 
imaginary permittivity (equations 16 and 15).
3.3 Retrieval method for the effective properties of a metamaterial 
nanocomposite
JCMsuite determines the electric field values across the structure being simulated; 
from this data further parameters of the structure can be determined, such as complex 
transmission and reflection coefficients. These are found through Fourier 
transformations of the electric fields at the interfaces between the simulated structure, 
and either subspace or superspace i.e. the interfaces where the light enters the 
structure and exits the structure.
From complex transmission and reflection data obtained from JCMsuite, we 
are able to derive effective parameters: such as the effective impedance, effective 
refractive index, effective permittivity and effective permeability for our 
nanocomposite metamaterial^'. The following equations (19-25) show how these 
effective parameters are determined from complex reflection and transmission data. 
The impedance of the system is given by equation (20), the only ambiguity pertains to 
the sign of the square root, this is determined by the fact that the real component of 
the impedance of the system must always be positive. First a phase correction was 
made to the complex transmission accounting for length of metamaterial.
( 19)
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Where t' is the corrected complex transmission, t is the complex transmission, k is the 
wavevector of the incident light and d is the length of the metamaterial. The effective 
impedance for the metamaterial is
The effective refractive index of the metamaterial is
(20)
I m { n )  =
(21)
(22)
where m is an integer that needs to be empirically determined. To determine this 
factor the Kramers Kronig relations were used.
 ^  ^ jr" Vo 6/' -6)2
(23)
Here p  is the Cauchy principal value, and o ' takes all values between 0 and oo but 
not m. From this relation an estimate for the real part of the refractive index is 
retrieved from the imaginary refractive index (equation 21). In practice an infinite 
range of results for the frequency dependence of the imaginary refractive index cannot 
be collated; however, a significantly wide frequency range containing the main 
resonances around the frequencies of interest should achieve a good estimate for the 
real refractive index over frequencies of interest. Having an estimate value for the real 
refractive index from the Kramers Kronig relations enables us to determine the right 
branch of integer m factor. Finally,from the refractive index and impedance of the 
material (metamaterial), the effective permeability can be found through
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(24)
A sufficient condition for negative retractive index first postulated by 
Veselago^^, is negative permittivity and negative permeability, however this is not the 
necessary condition for negative refractive index. It can be easily shown, given 
complex permittivity and permeability, that the condition for negative refractive index 
is
R e{g)|//| + Re{//}|g| < 0
(25)
It is noted that there are two ways this condition can be fulfilled: firstly the Veselago 
condition, which has the advantage of relatively low loss. The other way is if either 
real permittivity or permeability is negative, and the imaginary component of either 
permeabihty or permittivity is relatively large. This tends to be lossy, due to large 
imaginary components however, this case should still be considered.
3.4 Theory and modelling of metal nano-structures
3.4.1 Optical properties of metals
Conducting (noble) metals behave differently in the optical regime (400nm -  
1500nm) compared to the microwave regime (3mm -  30mm) because although 
typically cOp is in the ultraviolet, 1/x is in the infrared (and hence cOpX »  I). The 
values of (Op and x for silver are given just below Eqn 15 above. Therefore in the 
microwave regime where (o «  1/x Eqns 14 and 15 show that s' is a large and 
negative constant, while e" is large, positive, and proportional to wavelength. The 
reflectivity is R-l-V(8/E"); i.e. in the microwave regime electrically conducting 
metals mainly refiect electromagnetic radiation. Qualitatively the reason for this
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reflection is due to the free electrons within the conducting metals moving relative to 
the positive ions in response to the electromagnetic wave incident on the metal, and 
producing a dipole. When the frequency is low, the electrons move until the restoring 
force of the dipole exactly balances the EM drive, at which point the electric field is 
cancelled. This results in the electromagnetic wave being unable to penetrate the 
metal (the EM wave decays evanescently over the "skin depth", which is essentially 
zero for low frequency). The opposing direction of the induced polarisation relative to 
the applied electric field is represented by the negative real permittivity of the metal.
As the wavelength of the electromagnetic radiation is shortened and the 
frequency increased the free electrons cannot move quickly enough to completely 
counteract the wave. In this case m approaches or exceeds 1/x. The permittivity of the 
metal both real and imaginary reduces as the frequency increases. In the regime where 
COp »  (0 »  I/x the real part of e is negative and the imaginary part is still large. At 
the plasma frequency, the real part switches sign according to Eqn 14 (assuming cOpX 
»  1) and the metal becomes transparent.
As a result of this wavelength dependent change in metallic properties, 
changes in design need to be carried out on subwavelength metamaterial structures 
that operate in the microwave regime in order to obtain viable optical devices. This is 
both due to the increased loss and plasmonics effects occurring at metallic interfaces 
at optical frequencies. However, the plasmonics of metals can allow for new 
metamaterial designs which induce negative refractive index through plasmonic 
mechanisms.
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Figure 3.1: The Lycurgus cup created som e time in the 4*’’ century by roman craftsman depicting the 
death o f  king Lycurgus. W hen the cup is v iew ed with reflected light it appears green as seen in picture 
how ever when view ed with transmitted light the cup appears red.
3.4.2 Plasmonics in the optical regime
In considering a silver nanoforest, the basic properties of silver in the optical range 
need to be evaluated, however; there is more to the optical responses then the 
modelling of bulk silver^ .^ It has been known for centuries that small amounts of gold 
or silver in glass can create spectacular colours which are evident in stained glass 
windows and the roman Lycurgus cup see figure 3.1. These spectacular colours 
originate from absorption specifically created by the nanosized gold/silver inclusions 
in the glass (dielectric). In such a material surface plasmons are produced. These are 
coherent electron oscillations that exist at the interface between any two materials 
where the real part of the dielectric function changes sign across the interface (e.g. at 
the a metal-dielectric interface). Surface plasmons have lower frequency than bulk 
plasmons, and contribute to the optical response in the visible rather than the
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ultraviolet, and when the metal particles have a size on the same scale as the plasmon 
wavelength, strong resonances can be seen. As the silver nanoforest contains silver 
nanowires such optical responses as those seen in stain glass windows are expected to 
be present. As the electric field can penetrate the metal, surface bound interactions 
can also occur such as surface plasmon polaritons and localised surface plasmons^^.
3.4.3 Surface Plasmon Polaritons
Surface Plasmon Polaritons (SPP's)^^ '^  ^are quasi particles (virtual particle), which are 
formed when light couples to oscillating electrons on a boundary between a positive 
epsilon material (dielectric) and a negative epsilon material (metal), as demonstrated 
in figure 3.2A originating in reference 74. The coupled electric field is concentrated 
on the boundary between negative and positive permittivity materials creating large 
electric field intensities at the metal surface. As the electric field is intense and 
localised to the metallic interface, structural variations invisible to the incident light 
can affect SPP's. In addition to the requirement that the electric field of light being 
able to penetrate the metal surface, conservation of momentum must be fulfilled when 
coupling from the outside medium to an SPP.
It can be seen from figure 3.2B that light and SPP momentum are closely 
matched at lower frequencies. However, as frequency is increased towards the plasma 
frequency the dispersion relation diverges from the vacuum light line, requiring an 
extra momentum to form an SPP. This shift in momentum can be achieved through 
evanescent coupling by a prism in close proximity to the metal surface.
41
Dielectric
Metal
b
Figure 3.2: The coupling o f  electric fields and electrons to form surface plasmon polaritons is seen in 
3.2A . The dispersion for surface plasmon polaritons shown in 3.2B  show s the separation o f  normal 
light (dotted line) and surface plasmon polaritons (solid  line) resulting in different momentum (figure
3.2 originates from reference 74).
As SPP’s typically have very high k compared with the light which induced 
them, i.e. much smaller wavelength, SPP’s are influenced by structures, which are too 
small for light to interact with or pass t h r o u g h T h is  has led to extraordinary 
transmission in metal films with subwavelength holes^ ,^ whereby SPP’s carry the 
energy of the light from one side of the metal sheet to the other where it is reemitted 
as light. Before its experimental discovery the transmission of light through 
subwavelength holes was thought impossible due to the diffraction limit and the 
assumption that the metals excluded the electric field of light at all frequencies.
SPP’s have been employed for ultra fast and nonlinear responses, as SPP’s are 
able to generate the large localised electric fields needed for these effects. Examples 
of this would be generating attosecond extreme ultra violet pulses^  ^ and enhanced 
Raman scattering^^’^^ .
As a consequence of concentrating the electric field near, and indeed inside 
the metallic components of a composite material, SPPs induce large losses, and this 
loss is amplified by the high electric field intensity. This reduces the transmission of
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light through the material, as light couples to the SPP’s on the metallic surlace the 
light’s energy is transferred to the free electrons in the metal forming the SPP. As the 
free electrons oscillate back and forth along the metallic surface ohmic loss occurs, 
absorbing some of the energy converting it to phonons (heat), and so reduces light 
intensity when the SPP converts back to propagating light.
3.4.4 Localised Surface Plasmons
Surface Plasmon Polaritons have the drawback that the momentum mismatch between 
light and SPP must be addressed through evanescent coupling normally involving a 
prism; however, SPP’s are not the only plasmonic excitation at the nanoscale 
Localised Surface Plasmons (LSP) or Particle plasmons do not need momentum 
matching. At optical frequencies the electric field of light can penetrate metal (silver) 
to a depth of approximately 20nm. When considering a metallic object that is smaller 
than 20nm, the electric field that is experienced by the free electrons can be assumed 
to be almost constant, therefore the free electrons will respond in approximately the 
same way to the electric field. In moving to counter the electric field the free electrons 
negatively charge one side of the metallic object, thus exposing positive ions by their 
movement positively charging the opposite side of the metallic object. This movement 
of electric charge creates a dipole (mini antenna), which can radiate hght causing 
radiation losses; this added loss mechanism naturally increases overall losses of the 
plasmonic effects in nano structures. In addition, when the resonance frequency of the 
plasma is excited by light, large electric fields are generated at the surface of the 
metal; this incurs significant ohmic loss and therefore causing high absorption of 
light.
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In summary plasmonic effects are required in optical metamaterials for 
effective properties such as negative refractive index and optical magnetism however, 
as these effects introduce significant losses in the material a balance must be struck 
between properties achieved and associated loss.
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Chapter 4: Optics of Metal Nanoforests
4.1 Transmittance of a silver nanoforest
Metamaterials have the potential to allow many unique material properties that natural 
materials cannot achieve however, if the losses incurred by light passing through a 
metamaterial are too high, these unique material properties would be irrelevant. This 
applies to our nanoforest as well (section 2.15). For this reason, and by virtue of 
transmission being required in parameter retrieval, transmission of the nanoforest was 
the first property we analysed. To investigate the nanoforest a formation of nano wires 
was modelled as seen in figure 4.1. In all the following the nanowires were made of 
silver (with properties described in earlier chapters) and the background dialectic 
material permittivity is taken to be 6.52 for all wavelengths. The geometry is finite in 
longitudinal thickness (y) along the propagation direction (also referred to as the 
vertical direction); however, it is infinitely repeating in the transverse (%) width (also 
referred to as the horizontal direction), and the wires are infinitely long in the other 
transverse dimension (z).
At this point it must be clarified that the distance between wire centres will be 
referred to as "pitch" while the "spacing" of the silver nanowires is the surface to 
surface separation, and these two quantities differ by the wire diameter. The Finite 
Element Method was used as outhned in chapter 3, to recover transmission and 
reflection results. From this, transmission contour maps are formulated, showing how 
transmission varies with wavelength and thickness (number of silver wires). In 
analysing the transmission from our silver nanoforest from the geometry shown in 
figure 4.1, and by seeing the electric and magnetic field responses within the 
nanoforest (shown in later sections), two physical phenomena were seen to influence 
the transmission through the silver nanoforest. These physical phenomena were
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Localised Surface Plasmons (LSP’s) and Fabry-Perot interference caused by the 
interface of air/ dielectric interfaces.
horizontal pitch (36iiin)
26nm
2nm
Plane n av e  light source
Figure 4.1 : Schematic o f  our silver nanoforest. Thickness was varied by adding an extra layer o f  silver 
wires along the y axis. The structural parameters o f  the sim ulation, show n at the top, were: the 
nanowire radius, 5nm; vertical pitch, 12nm (spacing 2nm); horizontal pitch, 36nm  (spacing 26nm).
At optical wavelengths i.e. 400nm to 700nm, LSP interactions are present in our silver 
nanoforest. These interactions mainly reduce transmission, due to increased reflection 
and absorption as a result of high electric field intensities from the LSP’s. The reason
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for this is the high electric field intensities occur at the metal-dielectric interface (i.e. 
the surface of the wires). The electric field is penetrating the silver causing 
absorption. The high electric fields also cause the refractive index to change and this 
causes increased reflection due to impedance mismatch.
Transmission
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W aveleng th  (nni)
Figure 4.2: Transmission spectrum in the visib le w avelength region as a function o f  longitudinal 
thickness for the silver nanoforest o f  Figure 4.1, (radius, 5nm; vertical pitch, 12nm; horizontal pitch,
36nm ).
We attribute the areas of low transmission, distinctly seen in figure 4.2 (blue 
areas) as LSP interactions causing reflection and absorption, however, at 480nm a 
band of transmission is present which decays with increased thickness of the silver 
nanoforest. This band of transmission at 480nm is the result of LSP coupling between 
the silver nanowires transporting the light through the material. This LSP related 
transmission degrades, not through increased reflection, but as a result of increased 
absorption. LSP generate highly localised electric fields on the surface of the silver
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nanowires and these electric fields enter the silver nanowires and are susceptible to 
dissipation by the silver. Thus the thicker (more silver nanowires) the silver 
nanoforest, the further the transmission band at 480nm wavelength is reduced which 
is indicated in figure 4.2.
In the wavelength range above 700nm in figure 4.2, bands of high 
transmission can be seen varying with thickness of the silver nanoforest; these bands 
are due to Fabry-Perot interference which is sensitive to wavelength and structural 
thicknesses. Naturally when reflection is suppressed by Fabry-Perot interference, 
transmission will be high. The condition for interference is dependent on the ratio 
between the thickness of our silver nanoforest and the wavelength, hence high 
transmission changes with wavelength and thickness. It should be noted that this high 
transmission is a result of two reflective boundaries at both ends of the structure, but it 
is sensitive to the nanoforest properties because the interference depends on the 
refractive index.
4.1.1 Transmission of a silver nanoforest with varying wire spacing 
The geometry of our nanoforest model is well ordered, however, in any real world 
device, variations are bound to occur, either systematic variations or random 
variations (disorder). With this in mind the geometry of the silver nanoforest was 
varied in order to evaluate the effect of changing structural geometry on observed 
transmission. In the following chapter we will look at the effect of varying geometry 
systematically then randomly on transmission in order to estabhsh what design 
parameters must be in place for making a useful device out of the nanoforest.
By varying the horizontal separation of the silver nanowires while keeping all 
other parameters the same, the effect of horizontal spacing on transmission can be
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revealed. In varying the geometric distribution of the silver nanowires by reducing 
horizontal pitch of the nanowires to 24nm and 12nm the transmission contour maps of 
figure 4.3A and figure 4.3B respectively were found. The transmission for a 
horizontal pitch of 24nm is very similar to the transmission previously shown for a 
horizontal pitch of 36nm (figure 4.2) however, differences are present, as transmission 
is generally reduced over a broad spectrum of wavelengths.
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Figure 4.3: As Figure 4 .2  except A: Horizontal pitch 24nm ; B: Horizontal pitch 12nm.
Phenomena seen for horizontal pitch of 36nm (figure 4.2) are still present for 
horizontal pitch of 24nm (figure 4.3A) at the same wavelengths, suggesting that 
horizontal pitch has little impact on these phenomena besides reducing the 
transmission of the system overall. When the spacing between the wires is reduced to 
2nm apart, i.e. pitch 12nm (figure 4.3B), transmission appears vastly different to all 
previous figures. Transmission is significantly reduced over most wavelengths above
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750nm. The reason for this is that light cannot pass between the wires at these 
wavelengths as there is only 2nm gap, and thus only plasmonic effects can carry the 
light through the silver nanoforest.
In addition, as the wires are more closely spaced, the transmission due to LSP 
coupling is enhanced, resulting in the transmission bands seen between 400nm and 
700nm at low structural thicknesses in figure 4.3B.
It is clear that the destructive interference patterns are only affected when the 
wires are spaced very close i.e. 2nm apart, where transmission is severely disrupted 
over most wavelengths. As spacing between the wires was reduced LSP related 
transmission increased and spectrally broadened at low structural thicknesses; 
however, this LSP related transmission decays significantly with increased thickness.
The reason why this transmission enhancement is decreased with horizontal 
pitch is that LSP's are surface bound responses of the silver nano wires. As the 
nanowires are moved closer LSP's can couple to LSP's on other wires, and thus 
transmit the energy of the hght better; hence transmission due to LSP couphng 
increases as shown in figure 4.3B. However, with this reduced spacing absorption 
losses naturally increase, and as such the LSP related transmission in figure 4.3B 
quickly decays with increased structural thickness compared to figure 4.2 and figure 
4.3A. From this it is evident that a minimum distance between the nanowires must be 
enforced perpendicular to hght propagation i.e. minimum horizontal pitch spacing 
(see figure 4.1).
As opposed to varying the spacing of the nanowires horizontally, increasing 
vertical pitch (y axis) and therefore the thickness of the silver nanoforest in the 
propagation direction, multiple bands of high transmission varying with wavelength 
and thickness are found as shown in figure 4.4A and figure 4.4B which have vertical
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pitches of 24nm and 36nm respectively. The multiple high transmission bands 
resulting from Fabry-Perot can easily be explained, as the thickness of the silver 
nanoforest varies over a wider range as vertical pitch is varied. This allows for more 
wavelength modes to fit as the overall structural thickness can be many times larger 
than wavelength.
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Figure 4.4; As Figure 4 .2  except A: V ertical pitch (y pitch) 24nm; B: Vertical pitch (y pitch) 36nm.
In increasing the vertical pitch from 12nm (figure 4.2) to 24nm (figure 4.4A) 
and then to 36nm (figure 4.4B) the plasmonic band gap, the low transmission between 
500nm and 600nm spectrally narrows; this is attributed as a reduction of the LSP 
responses in the silver nanoforest. As LSP responses are localised to the wires and 
with the increased spacing are diluted in respect to the overall properties of the 
metamaterial, so transmission reduetion associated with LSP’s is therefore reduced 
with increased spacing. In addition, along with reduced LSP response, as the silver 
wires become more diffuse, the metallic response of the metamaterial will naturally
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decrease. This in turn results in the high and broad transmission seen in figure 4.4A 
and figure 4.4B however, as will be shown later within this chapter it is at the expense 
of potentially useful effective properties.
4.1.2 Transmission of a silver nanoforest with varying wire size and wire shape
Having varied the distribution of the silver nanowires, the next property to be varied 
was that of radius of the silver nano wires. To study the effect of radial size on the 
silver nanowires transmission the radius of the wires was increased to lOnm as seen in 
figure 4.5. The wire pitch was kept constant, but the centre-to-centre wire spacing has 
also been increased as a consequence of the increased wire size, and naturally the 
influence of varied wire period is also influencing the transmission response shown.
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Figure 4.5: As Figure 4.2 except radius lOnm, (the spacing is the same, w hich produces a vertical pitch
o f 2 2 nm)
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By increasing the silver nanowire radius, transmission is shifted spectrally to 
higher wavelengths and generally reduced as indicated by figure 4.5. It also appears 
that more high transmission bands are present; this is simply due to sampling a larger 
structural thickness range than in previous figures, due to the increased wire spacing. 
Transmission at optical wavelengths is reduced, due to an increase in LSP 
interactions, as the surface area of each nanowire has been increased, along with 
higher silver concentration within the silver nanoforest. Due to this reduction with 
transmission at optical wavelengths when radius is increased it follows that the wire 
spacing must also be increased to maintain transmission through the silver nanoforest. 
As previously stated, in increasing nanowire radius, the spacing of the nanowires had 
to be increased to accommodate the size change. This results in radius, horizontal 
pitch and vertical pitch affecting the transmission seen in figure 4.5 compared to 
previous figures.
To properly evaluate the effect of radius change on transmission the radius of 
the nanowires was gradually varied to obtain a clearer picture. Firstly the ratio 
between the radius and the pitch was kept constant in figure 4.6A, and secondly in 
figure 4.6B the gap spacing between the wires was kept constant.
In both cases the number of nanowires along the light propagation axis (y 
axis) was kept constant at nine nanowires (which results in a total thickness change as 
the radius is changed). By increasing both nanowire radius and spacing between the 
nanowires (proportional to the radius), as seen in figure 4.6A, the magnitude of the 
transmission remains approximately consistent. This indicates that in increasing 
radius the ratios between radius and both horizontal and vertical pitch of the 
nanowires has to be maintained in order to retain transmission observed. The 
transmission in figure 4.6A only changes significantly with Fabry-Perot interference,
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this being due to thickness change that increasing radius induces. In addition a band
of low transmission at 660nm wavelength spectrally widens with increased nanowire
radius. This low transmission is due to LSP interaction occurring at this wavelength
and naturally as wire surface area increases, more LSP interaction occur causing the
spectral widening of the transmission band gaps observed.
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Figure 4.6. The transmission spectrum as a function o f  the radius o f  the silver nanowires, in a 
nanoforest with a longitudinal thickness o f  nine nanowires. A s show n in the structural diagrams, in A  
the ratios betw een the pitches and radius were kept constant, w hile in B the spacing gaps were kept
constant.
By comparison, if the gaps between the wires are kept constant, as was the 
case when radius was increased from 5nm to lOnm in figure 4.5, then the transmission 
shown in figure 4.6B is obtained. As with figure 4.5, the transmission window is 
mainly shifted to larger wavelengths and degraded as radius is increased. However the 
LSP related transmission between 400nm and 450nm is shifted to lower wavelengths 
as radius is increased. In compaiison to figure 4.6A, figure 4.6B confirms that the
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ratio between nanowire radius and nanowire pitch needs to be maintained for good 
transmission at optical wavelengths. The reason being the higher total silver volume 
in the silver nanoforest as the nanowire radius is increased. However, LSP 
interactions still allow light to be transmitted between 400nm and 450nm.
Varying the spacing and the size of the silver nanowires showed that when the 
wires were too close or, more precisely, when the silver nanowires radius becomes 
comparable with the horizontal gap between the wires (perpendicular to propagation 
direction of the light transmitted), the transmission was degraded significantly. After 
varying both size and distribution of silver nanowires we briefly observed the effect 
of changing the shape of the nanowires, specifically from circular to square.
In changing the circular silver nanoforest wires previously shown in figure 4.1 
to nanowires with sharp comers (square-hke) the transmission response would be 
expected to be almost the same, as the silver concentration has not changed and the 
silver nanowires are placed in the same configuration. However, for LSP related 
responses, this is a significant geometric change, as these responses are bound to the 
surface interface between the silver and the background dielectric. Transmission for 
these square-hke wires shows clearly that LSP responses strongly interact with the 
sharp features of the nano wires (comers) as shown in figure 4.7 to the detriment of 
transmission.
The transmission for square nanowires is severely disrupted compared to 
transmission for circular nanowires. This dismption is attributed to the LSP 
interaction with sharp change in the geometry of the square silver nanowires i.e. the 
comers. The comers of the nanowires dismpt the LSP’s, as LSP's are coupling of light 
with compression waves of electrons, moving on the surface of the metal. If the 
electrons cannot propagate easily around the comers the LSP's will be transported to
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the other side of the wire poorly resulting in the light being reflected and therefore 
low transmission. This result is evident from electric field values recorded at comers 
of the squaie silver nanowires being orders of magnitude larger than the oscillating 
electric field of the illuminating light, which in the presence of the silver nanowires 
will also increase absorption. From this it is reasonable to conclude that wire shape is 
more of an issue to transmission than wire radius and wire spacing as long as 
horizontal wire spacing does not become comparable to the wire radius.
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Figure 4.7: As figure 4 .2  for square nanowires. The pitches are the sam e as figures 4.1 & 4.2 , and 
the nanowire cross-sectional area is also approximately the same.
In the geometries analysed so far a photonic transmission gap exists at optical 
wavelengths, this decrease in transmission is due to LSP’s resonances and the general 
properties of silver at optical wavelengths. As the visible spectrum is close to the 
plasma frequency of silver, the electric field can penetrate into the silver nanowires 
more easily due to lessening of permittivity as plasma frequency is approached; this 
results in transmitted light being reduced as the LSP's can scatter the light and incur
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ohmic loss due to penetration the silver. However, it is also electric field penetration, 
which allows for LSP to occur hence LSP activity in the optical wavelength region.
In spacing the nanowires a balance must be struck in order that the nanowires 
are close enough to interact with each other to produce the desired effective properties 
and still give good transmission. In the following sections the effective properties of 
the geometries explored above wiU be shown.
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4.2 Diamagnetism within an ideal silver nanoforest
Although the transmission properties are relevant to the potential viabihty of a 
metamaterial, it is the effective properties that cannot be obtained from natural 
materials which have generated interest in metamaterials. This has largely been with 
regards to negative refractive index; however, negative refractive index is usually the 
consequence of negative effective permeability. Negative permeability does not occur 
in natural materials, and in general, natural materials rarely display a magnetic 
response to hght. Metamaterials, on the other hand, are not so restricted; hence any 
magnetic response achieved by metamaterials, especially at optical wavelengths, is of 
consequence. Negative permeabihties are of incredible interest, due to being a 
requirement for obtaining low loss negative refractive index.
In addition, diamagnetic permeabihties (i.e. permeabihties between 0 and 1), 
are of interest. Diamagnetic materials repel magnetic field hnes, enabhng magnetic 
levitation, although most natural materials, with the exception of superconductors, 
give very small diamagnetic response. However, it is still possible to levitate water in 
a strong magnetic field, as water is shghtly diamagnetic. A diamagnetic response in 
the optical regime would be advantageous in inducing a low refractive index material. 
This in turn is useful in creating directional emitters.
In addition to directional emitters, low index materials can aUow for 
incoupling of hght with httle regard for size and shape of the low refractive index 
waveguide^^. This disregard for shape is due to the phase velocity tending to infinity 
in a low refractive index material, resulting in the electric fields of the guided hght to 
become almost constant over the low refractive index material. As the electric fields 
are almost constant irregular geometry has httle effect on transmission, thus high
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transmission can be obtained. This could be used to form a so-called photonic circuit, 
whereby light is guided around like electricity is in an electric circuit^ .^
To determine the effective properties of our silver nanoforest a method of 
retrieval based on transmission and reflection was used, outlined in section 3.3 
commonly referred to as S-parameter retrieval, using this method effective 
permeability response of our silver nanoforest was determined.
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Figure 4.8: Left axis (black line): the real effective permeability for a nanoforest thickness o f  128nm, 
with the sam e structure as figure 4.1 & 4.2 (silver nanowire radius o f  5nm, horizontal pitch 36nm  and 
vertical pitch 12nm). Right axis: the transmission coefficient (blue line). The magnetic response from 
LSP is m ainly accom panied by low  transmission, and diam agnetic response is present due to anti 
reflection interaction between dielectric background and silver wires.
Reverting to the geometry initially shown in figure 4.1 and setting the thickness of the 
structure to 128nm i.e. nine wires deep, the effective permeability was determined and 
is shown in figure 4.8 with the silver nanowires spaced as seen in the insert of the
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figure 4.1. There are three spectral areas where effective permeability significantly 
deviates from unity, these being from 400nm to 560nm, at 660nm and from 790nm to 
820nm. The magnetic responses in the spectral region of 400nm to 560nm appear 
very noisy and are also accompanied by low transmission, hence making these noisy 
deviations of little use. This response is due to the LSP response of the silver wires in 
this spectral region. However not all LSP responses produce low transmission, as can 
be seen around the wavelengths of 450nm and 660nm LSP responses produce 
diamagnetic response with significant transmission. The LSP’s in the nanofbrest are 
not responsible for the diamagnetic effect seen at 820nm - this response occurs due to 
the Fabry-Perot interference interacting with the silver nanowires, giving a large 
diamagnetic response in addition to high transmission.
The amplitude of the magnetic field at 820nm is shown in figure 4.9 and at 
660nm in figure 4.10. At 820nm in the Fabry-Perot response we see primarily the 
light wave though superimposed subtle ridges can be seen, indicating a small local 
magnetic response between the wires. If there was no magnetic response only the 
oscillation of the incident wave would be seen. This contrasts with the diamagnetic 
response at 660nm in figure 4.10 attributed to an anti symmetric LSP mode. In figure 
4.10 we see the electric and magnetic field for the anti symmetric LSP mode, showing 
intense electric and magnetic fields in and around the gaps between the wires and a 
strong local response. The relative size of the local response (Figs 4.9-10) seems to 
contradict the relative strength of the global response at the two different wavelengths 
(figure 4.8). It is clear that the effective global response is not a simple function of the 
local magnetic responses. In addition, the strong response shown in figure 4.10 may 
not be strictly generating a strong effective permeability response due to 
counteracting magnetic responses.
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Figure 4.9: M agnetic field amplitude at 820nm  wavelength for the structure o f  figure 4.8 .
The subtle magnetic effect associated with the diam agnetic effect can be seen above the oscillating
w ave as ridges.
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Figure 4.10: field  diagrams for 660nm  w avelength for the structure o f  figure 4.8. Electric fields on 
opposing wires take opposite values g iving a displacem ent circulation o f  current, hence magnetic 
response as seen in the magnetic field diagram.
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4.2.1 Magnetism within a silver nanoforest varying wire spacing
In this section we explore the effective magnetic response of the nanoforest 
metamaterial in response to geometric and spectral changes. The effective properties 
found are evaluated for their usefulness by the associated transmission achieved with 
them.
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Figure 4 .11 . Transverse pitch dependence o f  the magnetic response. A s Figure 4 .9 (which had a 9 
nanowire structure with horizontal pitch 36nm like figure 4 .2), except A: Horizontal pitch 12nm (as 
figure 4 .3B ); B: Horizontal pitch 24nm  (as figure 4.3A ). Nonlinear effects can be seen when wires are 
too close giving gravely reduced magnetic response.
In changing geometry, as before with the transmission, we find effective 
permeability correlates with transmission. In reducing the horizontal pitch the 
effective permeability is greatly disrupted when the wires are too close, as seen in 
figure 4.11 A. Figure 4.1 IB still retains responses previously seen in figure 4.9, 
though some responses have been shifted, in particular the diamagnetic effect at 
800nm is now at 900nm. This can be explained through higher silver to dielectric 
volume ratio, meaning a higher effective refractive index, which in turn affects the
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Fabry-Perot interference condition. This reinforces the conclusions of the 
transmission spectrum when horizontal pitch was varied. The effective permeability 
response seems to be greatly affected by horizontal pitch when the wires are very 
close together, suggesting that overall horizontal pitch is a minimal factor in 
determining the effective properties of the system so long as light can pass between 
the wires.
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Figure 4.12; Longitudinal pitch dependence o f  the magnetic response. A s Figure 4 .9 (which had a 9 
nanowire structure with vertical pitch 12nm like figure 4 .2), except A: vertical pitch 24nm  (as figure 
4.4A ); B: vertical pitch 36nm (as figure 4 .4B ). In increasing vertical pitch between wires, a plasm onic
response appears not useful as transmission is low. The real permeability due to the LSP response 
seem s to vary nonlinearly with vertical pitch.
By varying the vertical pitch spacing instead of the horizontal pitch both LSP 
related responses and the Fabry-Perot interference response changed. The Fabry-Perot 
interference is sensitive to the thickness of the structure, and so the diamagnetic 
response has been moved to 750nm in figure 4.12A. By increasing the spacing of the 
nanowires further, as in figure 4.12B, two diamagnetic responses can be seen, one at 
720nm and another at 970nm wavelength. The reason for multiple modes is simply
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explained as the structure is now long enough to contain multiple wavelength modes. 
In addition to the Fabry-Perot diamagnetic response in figure 4.12A there is a 
negative permeability response around the wavelength of 470nm, and although 
transmission is low it is not negligible. This response is induced by optical LSP’s, as 
is the peak in effective permeability at longer wavelengths above 470nm region, 
indicating a LSP resonance around these wavelengths for the silver nanoforest.
Making a more refined variation of the vertical pitch, keeping other 
parameters constant, a contour map of effective permeability with vertical pitch is 
shown in figure 4.13. The area of negative permeability at low wavelengths can 
clearly be seen, as was indicated by the negative permeability previously seen in 
figure 4.12A.
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Figure 4.13: contour map o f  effective permeability o f  the silver nanoforest with changing vertical pitch 
and changing wavelength o f  light, silver nanowire radius and horizontal pitch are kept constant at 5nm
and 36nm.
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Figure 4.14: Electric and magnetic fields depicting plasm onic responses o f  nine silver nanowires for 
the strongest negative permeability response from figure 4 .13, i.e. at 410nm  w avelength o f  light, 
geom etric parameters were silver nanowire radius 5nm, horizontal pitch 36nm and vertical pitch 16nm
Looking at the electric and magnetic field responses within this negative 
permeability region in figure 4.14, it is clearly evident that the negative permeability 
is generated by a localised surface plasmon resonance of the silver nanowires. The 
transmission in this negative permeability region of figure 4.13 is low, as is seen from 
previous figures, limiting the usefulness of this response. The other response, which 
was also seen in previous figures, is that of the diamagnetic response. This exhibits 
the same variation with thickness previously seen, showing that vertical pitch has
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little effect on diamagnetic response other than due to the changing of the thickness of 
the silver nanoforest.
4.2.2 Magnetism within a silver nanoforest varying wire size and wire shape
As was shown in previous sections, transmission is reduced when the silver nanowires 
are too close to each other, perpendicular to the propagation direction i.e. horizontal 
axis in our simulations. As seen when changing the wire spacing in the horizontal and 
vertical axis, the effective permeability is correlated with the transmission. Changing 
the radius of the wires is no different, as seen in figure 4.15. When increasing the 
radius of the silver nanowires while keeping their spacing constant, multiple 
diamagnetic responses are observed. Only one of these diamagnetic modes can be 
attributed to a Fabry Perot interference mode, this being at 950nm.
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Figure 4.15: Left: as figure 4.8 with silver nanowire radius o f  lOnm with the sam e spacings, meaning 
horizontal pitch 46nm  and vertical pitch 22nm. Right: Electric and magnetic field amplitudes for
820nm  wavelength.
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Most of the other diamagnetic responses on figure 4.15 are redundant, as 
transmission is vastly deteriorated between 400nm and SOOnm wavelength due to the 
larger surface area of the wires from increased radius and closer spaced wires. The 
only diamagnetic response to transmit to a degree is the anti symmetric LSP mode at 
760nm to 820nm, which has greatest intensity at 800nm wavelength. However, after 
800nm the effective permeability of the anti symmetric LSP mode is returning to 1, 
although as seen in the electric and magnetic field insert in figure 4.15, the local 
response is still strong. Only responses above 800nm wavelengths in figure 4.15 
where the transmission is high can be of use, and the main response above this range 
is the diamagnetic effect caused by Fabry-Perot interference. It was ^parent when we 
considered the transmission in the previous sections that the silver nanowires need to 
be spaced further apart when the radius is increased, and with better transmission, 
stronger LSP's responses like the one shown in figure 4.15 could become useful.
As seen before with transmission with square nanowires, a noisy response can 
be seen in effective permeability response of figure 4.16. The diamagnetic response 
seen as a result of Fabry-Perot interference has been greatly dampened in comparison 
to the circular wires and, as previously seen; transmission is erratic, oscillating 
between high and low transmission over the spectral range. The effective permeabihty 
response in general seems disrupted, as effective permeabihty is close to unity over 
most wavelengths. Only between 400nm and 550nm, and at 720nm are large 
variations in effective permeability observed and in these cases transmission is low to 
nonexistent. This leads to the conclusion that sharp comers on the nanowires should 
be avoided, as the effect observed is that of deterioration to both transmission and 
effective magnetic response of the metamaterial.
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Figure 4.16: A s figure 4 .8 for square nanowires. The pitches for the square nanowires (4 .7  and here) 
are the sam e as for the circular nanowires (figures 4.2, 4 .8 ), and the nanowire cross-sectional area is 
also approxim ately the same (81 nm^ vs 79nm^).
In summary, the diamagnetic effect is relevant in our metamaterial as 
transmission is naturally high due to Fabry-Perot response at the same wavelength. 
The effect is also very consistent, appearing in most geometric setups. The Fabry- 
Perot response can lead to a low refractive index, which is useful for incoupling of 
light into a waveguide. The low index requires a separate resonance making the 
effective permittivity low (as well as the permeability) when the Fabry-Perot 
interference takes place. As was shown before, if the wires are too close together the 
metamaterial becomes very metallic in nature, and therefore reflects most of the hght 
incident upon it; therefore a minimum distance between the wires must be maintained.
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In addition to spacing, a surprising development was the disruptive effect of the 
addition of sharp edges i.e. wire comers greatly disrupting transmission and all 
effective magnetic responses. This implies that not only must a minimum distance be 
maintained but also the shape of the wires must be smooth. In regards to negative 
permeability, the use of plasmonic resonances is hmited by lack of transmission for 
the wavelengths and geometries where they occur. Additionally the band of negative 
permeability resulting from the plasmonic response is narrow (figure 4.13) which 
implies that disorder could easily disrupt the negative permeabihty, further limiting 
use.
4.3 Negative refractive index within a silver nanoforest
In observing the change in effective properties while sweeping geometric parameters 
a negative effective refractive index was found. The geometry was of lOnm radius 
wires, horizontal pitch spacing of 36nm and vertical pitch spacing varying from 40nm 
to 41nm. This band of negative index can be clearly seen when varying vertical pitch 
spacing, as seen in figure 4.17. Though it is spectrally narrow, negative refractive 
index is present around 57()nm. This negative refractive region is seemingly fragile, as 
small changes in geometry could easily result in a positive index. In addition, this 
negative index region is not the product of both negative permittivity and 
permeability; the effective permeabihty in the negative refractive index region is in 
fact positive, as can be seen in figure 4.18 negative permeabihty appears at a lower 
wavelength of around 470nm. The negative index region is in fact generated by 
negative permittivity and large imaginary permeabihty (magnetic loss).
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Figure 4.17: Real refractive index o f  a silver nanoforest 9 silver wires thick, as a function o f  vertical 
pitch. The wire radius was lOnm, and the horizontal pitch 36nm.
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Figure 4.18: Real effective permeability for the same structure variation as figure 4.17
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Figure 4.19: Left: Real refractive index o f  a silver nanoforest with wire radius lOnm, Vertical pitch 
40nm  Horizontal pitch 36nm. Right: electric and magnetic fields are for 9 w ires at a w avelength o f  
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The area of negative index found is very lossy, as this negative index is 
achieved through negative permittivity from the silver and high imaginary component 
of permeability. This is evident in figure 4,19, as the electric and magnetic field do 
not progress through the nanoforest in the negative index regions, resulting in 
negligible transmission.
It is of concern to us that we make sure that we have a magnetic response 
within the system, as our retrieval method is not infallible. It has been shown that 
periodicity within the split ring resonators can be a problem"^  ^ though our situation is 
different due to the fact that our wires are very much smaller than the wavelength, and 
the periodicity in our system comes from the dielectric-air interfaces. Another
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concern of the parameter retrieval method used is in regards to its stability when 
reflection is very small^ .^ Any aberrations in the parameter retrieval will be revealed 
through the Kramers-Kronig relations, which relate the whole spectrum of real index 
to a single wavelength of imaginary index.
In summary, with the nanowires there is always a trade off between the 
desired effective property and the transmission. For example, if we try to increase 
transmission for the negative index and negative permeability by increasing wire 
spacing, we lose the effective property we were trying to improve in the first place. 
However this is a general problem with all optical metamaterials, stemming from the 
need for resonances within the system to give negative permeability and negative 
index.
4.4 Disorder within a 2D silver nanoforest
In any manufacturing technique errors can occur, especially when constructing 
devices on the nanoscale. These fabrication errors result in disorder, potentially 
varying the placement of the nanowires and their size and shape. Disorder can cause 
disruption to the optical responses of our nanoforest, and thus we investigate the 
effect of disorder within the silver nanoforest.
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Figure 4.21 : Left axis: The real effective permeability o f  ordered infinitely long nanowires from the 
Kramers Kronig relations (black line) taken at 1 nm wavelength steps and from the S-parameter 
retrieval (red dots) for every lOnm wavelength step. The structure is ordered and periodic, with the unit 
cell shown in the inset, i.e. nanowire radius 5nm, horizontal pitch 36nm and vertical pitch is 22nm.
In order to evaluate the effect of disorder in our silver nanoforest a comparison 
is needed to an ordered nanoforest to act as a standard, with geometric spacings 
adequate for addition of some disorder. The transmission and effective permeability 
of the chosen standard silver nanoforest is shown in figure 4.21, with geometric 
parameters shown in the insert of the figure. In combination with S-parameter 
retrieval for effective permeability, the Kramers Kronig relations were used to 
confirm accurate results as shown as red dots in figure 4.21. The effective 
penueability response for both are in good agreement, indicating accurate effective 
permeability results.
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Disorder in the effective properties of the silver nanoforest will originate from 
random variations in the position of wires, and the shape and size of the wires in the 
silver nanoforest. To study the effect of disorder, each parameter was individually 
randomised, keeping other parameters constant i.e. ordered. The first parameter to be 
randomised was the position of the silver nanowires, more precisely horizontal pitch; 
this variation in the horizontal pitch was 5nm in either direction determined by 
random number generator with a uniform distribution, and the results are shown in 
figure 4.22. Within the horizontally disordered structure the diamagnetic effect 
resulting from Fabry-Perot interference is seen to be unaffected by this positional 
variation of the silver nanowire remaining at 720nm and unchanged. However, the 
plasmonic responses are altered; the peak seen at 470nm in the ordered structure has 
broadened spectrally into higher wavelengths in the horizontally disordered structure, 
with several smaller peaks ranging from 500nm to 550nm. A significant change from 
the ordered silver nanoforest is seen in figure 4.21 at 460nm wavelength, negative 
permeability is present, whereas without this randomisation of the nanowire positions 
negative permeability is not present at these wavelengths. It has previously been 
shown that negative permeability occurred in a geometric configuration similar to 
figure 4.21. Interestingly, the disorder has shifted the effective permeability response 
in figure 4.21 below zero, whereas it was close to zero but positive in figure 4.20. 
Only a small negative permeability has been achieved, and, as with previous cases, 
this negative permeability has low transmission. Overall this positional variation has 
little impact on the properties of the silver nanoforest; this is further indication that the 
spacing perpendicular to propagation direction i.e. horizontal pitch, is only relevant if 
spacing of the nanowires reduces to a few nanometres.
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Figure 4.22: A s figure 4.21 with disorder in the horizontal position o f  the nanowires o f  5nm.
Changing the variation in position from a horizontal variation to a vertical 
variation as seen in figure 4.23, the effective properties of the silver nanoforest show 
more disruption compared to horizontally varied wires. The diamagnetic response at 
720nm wavelength is unchanged, but again the plasmonic responses have been 
broadened spectrally and reduced in intensity i.e. closer to 1. However, at 440nm a 
negative permeability appears again with low transmission.
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Figure 4.24: A s figure 4.21 with disorder in the radius o f  the nanowires o f  5 nm. A and B are two  
repeats o f  the randomisation for the same parameters, and disorder accounts for differences.
If instead of the position of the silver nanowire the wire radius is randomly 
varied the variation created in the effective permeability as seen in figure 4.24A is 
significant. In contrast to the positional disorders, the diamagnetic effect has been
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altered, although still present around 720nm wavelength. The plasmonic responses 
between 400nm and 600nm have become erratic, although transmission in this region 
is low in the ordered geometry, limiting the use of any response in this wavelength 
region.
To reaffirm the retrieved effective permeability of figure 4.24A and to show 
the variation present caused by disorder, a repeat of the randomisation for the same 
geometry was modelled. This repeat is shown in figure 4.24B. As previously 
mentioned for figure 4.24A, the diamagnetic response is present, but there are 
significant differences, and it does not reach permeability values close to zero. 
Considering that radius disorder (5nm) is large compared with radius itself (also 5nm) 
it's probably not surprising that radius disorder seems the most disruptive. Given that 
it is probably more reahstic that the wire radius does not vary as much as we have 
modelled, considering this disorder should not be a significant problem to the 
diamagnetic effective properties, and even the negative effective permeability. 
However negative refractive index was too fragile to survive disorder, which we 
expected considering how spectrally narrow the effect was.
4.5 Disorder within a 3D silver nanoforest
To further explore disorder, 3D finite element simulations were used to explore the 
variation in effective properties caused by 3D disorder, i.e. positional variations when 
the wires are finite in length. A schematic is shown in figure 4.25.
Retrieving the effective properties of the 3D silver nanoforest, as seen in 
figure 4.26, shows large disruption compared with the 2D ordered silver nanoforest. 
Although also shown in figure 4.26 is the effective permeabihty for the ordered 3D 
silver nanoforest, this shows that the gaps between layers of wires in the z plane has a
77
dampening effect on effective permeability. In addition, the disordered system and the 
ordered system are very similar, showing that positional disorder in 3D does not affect 
the effective permeability greatly, reinforcing the conclusion drawn from 2D 
positional disorder.
Figure 4.25: This schem atical diagram show s finite nanowires exhibiting disorder in the central layer, 
with the other layers ordered. The radius o f  the nanowires is 5 nm, length o f  the nanowires is 20nm , the 
separation o f  the nanowire centres given as pitch is 36nm , 12nm and 45 nm in the x, y and z axis. In the 
disordered central layer disruption to the position o f  the nanowires is dx = 10 nm and dy = 5 nm.
The reason for the dampening of the effective response can be easily
understood, as effective properties are mainly generated by the silver nano wires; in
introducing gaps between the wires, the response of the wires is diluted due to the
additional dielectric within the metamaterial. Furthermore, as the light is travelling
along the x/y plane, the light will concentrate within the dielectric layer, and thus
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interact less with the silver nanowires, further reducing the effective permeability 
response generated by the silver nanowires
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Figure 4.26: Real effective permeability o f  both ordered (dash) and locally  disordered finite nanowires 
(solid line). The spacing and geom etry is taken from figure 4.25. It is clear that both locally  disordered 
and ordered nanowire metamaterials have roughly the sam e effective permeability response.
To evaluate the deterioration of the effective permeability towards unity due to 
the discontinuity gap in the z axis between the wires, the gap length along z was 
varied from Onm sized gap to 25nm sized gap. The effective permeabilities along with 
transmissions are shown in figure 4.27 for the cases where discontinuity length is 
varied. It is clearly evident that increasing the gap size from 5nm to 15nm causes 
significant decay in effective penneability to unity; in addition the diamagnetic effect 
is no longer present.
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Figure 4.27: Real effective permeability o f  ordered wires with varied z gap width, varying from no gap 
width to 25nm gap width. The radius o f  the nanowires is 5 nm, length o f  the nanowires is 20nm , and 
the pitch between the nanowire centres is given in figure 4 .25.
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Given the variance shown in figure 4.27 as the z axis gap size between the 
wires is changed, it is evident that to keep the responses previously shown for the 2D 
simulations the dislocation size must be smaller than the wire length.
In conclusion, disorder within our silver nanoforest does not limit the effective 
properties greatly given realistic values for disorder. In fact square wires of figure 
4.16 and dislocations of figure 4.26 are far more degrading to effective properties.
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Chapter 5: Suppression of scattering resistance in Split ring Resonator metamaterials
5.1 theory of scattering suppression for Split ring Resonators
The first metamatenal with a negative refractive index, in the microwave region of the 
spectrum, was a formation of Split Ring Resonators (SRR's) and metallic rods as was 
discussed in chapter 2. This negative refractive index arises as a consequence of negative 
effective permittivity (-c) o f the metallic rods, combined with negative effective permeability 
(-p) o f the SRR's. These structures, by virtue of their ease of construction at microwave 
frequencies, can easily be tuned to higher or lower microwave frequencies. However, losses 
of SRR's can be detrimental to metamaterial performance, even at microwave frequencies^^. 
A significant component of this loss in SRR's is the scattering of light as it passes through the 
SRR's^'. This seems counter-intuitive, given that metamaterials are assumed to be effective 
mediums, and hence light should scatter uniformly off the component SRR's, as light does in 
normal materials. However, due to the capacitance and inductance inherent in SRR's, SRR's 
act as miniature antennas, and as a result absorb and re-emit incident hght, but not uniformly, 
as they are not homogenous in all directions, causing scattering losses. The fact that 
scattering of the SRR's is not uniform does not invalidate the effective medium principle, as 
effective medium phenomena are still observed.
Reducing the losses in SRR's requires the dipoles re-emitting hght to be lessened, as 
the electric dipoles of SRR's approximately cancel out by destructive interference in the far 
field, this leaves the magnetic dipole. To this end, a method was developed to suppress the 
scattering o f the SRR's. This method required two SRR's coupled to each other; one SRR 
deliberately having larger ohmic loss then its neighbouring SRR. An artist's impression of a 
bad SRR (orange, high ohmic loss) and good SRR (white, normal ohmic loss) is seen in 
figure 5.1 originating in reference 82.
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Figure 5.1: Illustration o f  the design used for obtaining a ‘lo ssless’ negative-m agnetic metamaterial at GH z 
frequencies. A  poor-conductor SRR (p-SRR) meta-atom (shown in orange) is placed next to each existing good- 
conductor SRR (g-SR R ) meta-atom (shown in w hite-blue) o f  a magnetic metamaterial. A  unit cell o f  the 
magnetic metamaterial is shown as a parallelepiped with red-coloured edges.
By coupling these two SRR’s there is a frequency of light whereby electric current 
does not circulate in the bad SRR with high ohmic loss. However, its presence at this 
frequency causes the other good SRR to have significantly reduced current circulating and 
therefore reduces the light emitted through magnetic dipole of the SRR.
This reduction in scattering loss can be theoretically shown in circuit theory, for two 
circuits with their own capacitances, inductances and resistances. The equivalent circuit 
picture for a single SRR is shown in figure 5.2, where R\ is the combination of ohmic and
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scattering resistances (Ri = Riohm + Rirad), otherwise known as the equivalent resistance. In 
addition to equivalent resistance, equivalent capacitance C, and equivalent inductance Li can 
be allocated to a SRR.
J
, +<t>0
Figure 5.2: Equivalent circuit model describing the e ffective-g  behaviour o f  a split-ring resonator (SRR). The 
top left inset illustrates a typical variation with frequency o f  the real (blue) and imaginary (red) part o f  this 
structure’s effective p. The top right inset show s the coordinate system  used in the analysis.
Connecting the circuit in figure 5.2 to another circuit with a different resistance to 
represent 2 coupled split ring resonators (one SRR with higher loss) the circuit diagram in 
figure 5.3 is formed.
E  =  Em,.I N  E =  Em,:
6
Figure 5.3: Equivalent circuit model o f  the pair o f  the g-SR R  meta-atom ‘ I ’ and p-SRR meta-atom ‘2 ’ inside the 
unit cell o f the structure shown in figure 5 .1. The electrom otive forces (voltages) V, and V2 are induced by an 
incident magnetic field that is perpendicular to the areas o f  the tw o meta-atoms.
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The effective permeability of the medium is related to the magnetisation produced by 
the current in the rings.
(26)
where M is the magnetisation per unit volume, and Hq is the a.c. magnetic field amplitude of 
the e.m. wave. M is the sum of the magnetisations of the coupled SRR dipoles:
M — {S\l\ + (27)
where 5i,2 are the areas of the rings, l \ i  are the currents around the rings and W is the volume 
of the unit cell. The e.m.f.s developed, V\ 2^ , due to the incident e.m. wave are
Vf. -  VemfJ = -icofioS{Ho (28)
and these e.m.f.’s are related to the currents in the rings by Kirchov’s Laws, which lead to
G =
/?j + icoL^  i/cuCj i/o)C 
i/coC
i/coC
R-2 + icoLj i/diCj ~ i/coC
V, i/coC
Rj T 16)7^ 2 —i/o)C2 ~i/o)C
/?j + icoL^  —i/coC^  — i/coC Vj
i/coC
(29)
(30)
= det(G/)/det(G) (31)
Elimination of the currents, voltages and Hq from equations 25-31 allows determination of 
the complex effective permeability in terms of the circuit inductances, capacitances and 
resistances.
In figure 5.4, in the highlighted frequency region, the imaginary component of the 
permeability of the coupled SRR's tends to zero, while the real permeability is negative. This 
implies that losses of the system have been reduced, as imaginary component of the
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permeability contributes to imaginary component of refractive index which in turn is 
proportional to overall loss in the material.
The values of the capacitances and inductances were estimated from simple 
electrostatic theory. Unless otherwise stated, the geometry assumed was for a circular ring of 
radius 2mm, made from wires of width 0.1 mm and thickness 0.8 mm. The straight arms 
forming the spht ring were taken to be of length 1 mm, and the separation was 0.1 mm. The 
resistance for the “good” SRR was estimated assuming it is made of material with the same 
conductivity as copper, while the “bad” SRR was assumed to be made from a material with 
500 times lower conductivity.
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Figure 5.4: ‘L ossless’ negative-m agnetic metamaterials at G H z frequencies show s the effective perm eabilities o f  
figure 5.3. The incident magnetic field has amplitude Hq = 1 A /m , and the values o f  the equivalent lumped 
elem ents are: R, =  0 .1 Ü , R2 = 50 Ü , C, =  C 2 =  10 fp, C =  0.1 pF, L; = L? = 16 nH. The surfaces o f  the two  
m eshes are S, =  S? =  4 ><7i mm^ and both are located at the centres o f  unit cells o f  volum e 25 mm^. Highlighted  
(with a dashed line) region reveal the regime where the FOM dramatically im proves.
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This supports the initial idea that it may be possible reducing the scattering loss in 
order to improve performance, at least for a narrow frequency band. The figure of merit, 
defined as FOM = -  Re{p}/Im{p}, is high for the coupled SRR metamaterial due to the low 
imaginary permeability. As seen in figure 5.5, the figure of merit reaches 1000 in a narrow 
frequency window. Although this is a spectrally narrow response the reduction in loss of 
SRR's is a significant improvement to the viability of SRR Metamaterials, which are already 
being incorporated into real world devices.
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Figure 5.5: ‘L ossless’ negative-m agnetic metamaterials at GH z frequencies show s the figure o f  merit (FOM ) for
the structure associated with figure 5.4.
At the peak in the FOM, above the SRR’s natural resonance frequency, the active 
power in the SRR’s, defined by
(32)
87
reduces to zero, resulting in the reduction in loss. This reduction in active power is shown in 
figure 5.6. The active power reflects the fact that no current is circulating in the SRR with 
high ohmic loss; and that current in the normal SRR is lower than it would otherwise be.
120.0
60.0 60.0
^ 100.0
E
 ^ 80.0
IoQ.
0)>
0.0 0.0
20.05.0 10.0 15.0 20.05.0 10.0 15.0
60.0
o
40.0CQ
oI-
20.0
0.0
10.0 12.5 15.0 17.5 20.05.0 7.5
Frequency (GHz)
Figure 5.6: show s the total active power associated with the magnetic metamaterial o f  figure 5.4 . The insets 
show  the active powers P i ,2 associated with the g-SR R  m eta-atom s ‘ 1’ and ‘2 ’, respectively. N ote that there are 
frequency regions where either P] or P2 becom e negative, indicating reversal in the sign o f  the imaginary part o f
the current circulating in the corresponding SRR particle.
Given this analytical model for effective magnetic response for the SRR’s we can 
determine the effect changes in capacitance and inductance (geometry of the SRR) will have 
on the low loss negative permeability. By changing these parameters we can detennine the 
stabihty of the low loss mode found as shown in figures 5.7 to 5.9
By changing the capacitance between the SRR arms as seen in figure 5.7 the figure of 
merit (FOM) associated with the low loss resonance varies non linearly revealing a wide 
range of capacitances whereby the loss is minimized. As the capacitance is changed the
frequency at which the low loss resonance occurs changes too, going to lower frequencies 
with higher capacitance. Also of note in figure 5.7 the standard deviation of the figure of 
merit reveals how broad the low loss resonance is in frequency (i.e. width of the peak in 
figure 5.5) and thus how resistant the resonance is to manufacturing defects. When the 
capacitances between the SRR arms are the same for both SRR’s the peak is at its narrowest 
(lOfR) suggesting the SRR’s would be best optimised if the SRR capacitances differ 
(geometry different). In addition a lower limit exists on capacitance, below which the low 
loss effect disappears and the SRR’s behave as individual components (below 5fF).
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Figure 5.7: Peak (left) and width (right) o f  the figure o f  merit o f  the low  loss resonance where arm capacitance 
C| (between the arms) in the good  split ring (low  loss) is being varied from 5fF  to 50fP. The other parameters 
such as resistance and inductance are the sam e as figure 5.4. The width is defined as the r.m.s. o f  the peak.
For the coupling capacitance between the rings in figure 5.8 we also find a cut off 
point, although a low coupling capacitance close to the limit appears preferable as high FOM 
is achieved near the cut off point, suggesting the lossy SRR is still contributing to loss. As a 
point of interest, the capacitance of the lossy SRR has little effect on the FOM of the low loss 
resonance or the frequency at which it occurs. Theory for the low loss resonance indicates 
this is because no current is circulating in the lossy SRR when the resonance is occurring.
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Figure 5.8: The maximum figure o f  merit at low  loss resonance where coupling capacitance between the split 
rings C is varied from 50fF  to 200fF. A ll other parameters are the same as figure 5.4
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Figure 5.9: figure o f  merit and standard deviation o f  the low  loss resonance where inductance o f  the good split 
ring resonator is varied from 4nH to 40nH. A ll other parameters are the sam e as figure 5 .4
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Progressing to varying inductance of the SRR's as shown in figure 5.9, we find a very 
similar result to figure 5.7 where capacitance was changed. There is a wide range of 
inductances for which the system is optimised for low loss, and if the rings have the same 
inductance the low loss peak is spectrally narrow, reinforcing the idea that the SRR rings not 
only should have differing resistances but different geometries in order to have low loss over 
the broadest frequency range possible.
This analytical model for coupled SRR's has shown that, assuming that the SRR's act 
hke the equivalent circuits as modelled, the scattering losses can be significantly reduced 
over a narrow frequency region although to fully optimise for low loss the SRR's should be 
of di^ehng geometry. In addition, within this frequency region the bad SRR with high 
resistivity should contribute little to overall loss, as no current is circulating in the high loss 
SRR. Reducing the coupling capacitance between the SRR's also reduced the overall loss 
quite signiAcantly showing the bad SRR is still the main source of loss in the system.
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5.2 Numerical modelling to validate scattering suppression for Split ring Resonators
To validate the analytical model of scattering suppression in SRR's in the previous section, 
3D Finite Element Method (FEM) numerical simulations were carried out using JCMsuite^ .^ 
One SRR was artificially modified to have reduced ohmic losses by variation of the 
imaginary component of permittivity of the copper forming the SRR. This SRR is referred to 
as the good SRR, as its losses are lower than the unmodified SRR; the unmodified SRR 
conversely is referred to as the bad SRR. Although this is quantitatively different from the 
formulation of the previous section (where the good SRR was copper and the bad SRR was 
higher resistivity), the result is qualitatively the same, as the ratio between the ohmic losses 
o f the SRR's generates the scattering suppression, not the absolute values of the ohmic 
resistance. Note also that in the previous section the SRR's were assumed circular in 
estimating the electrical equivalent circuit values, whereas here we take the geometry to be 
square. A schematical diagram of the 2 square SRR's closely spaced is shown in figure 5.10, 
electromagnetic couphng occurs between them due to this close spacing. The SRR's are 
illuminated by a plane hght wave, proceeding from bottom to the top in the schematic with 
magnetic component perpendicular to the rings.
Figure 5.10: Geometry of the square copper split rings. The square rings had a side length of 4.2 mm, a centre- 
to-centre distance 5 mm, small-arm length I mm and a split gap distance between the arms of 0.2 mm. The 
wires were assumed to be rectangular cross-section, 0.1mm thick and 0.8mm wide. The unit-cell size was 50
mm ,^ with periodic boundary conditions.
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Figure 5.11: total active power from the analytic model based on the geom etry presented in figure 5 .10  
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Figure 5.12: absorption from the finite elem ent model o f  split ring resonators given in figure 5 .10 , a noticeable 
dip in absorption is seen at 3 .32  GHz indicating the frequency where scattering o f  the split rings is reduced
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We can estimate from the analytical model the position of the losses spectrally in the 
system by determining the active power of the SRR’s, based on the geometry of the square 
split rings estimating capacitance and inductance of the system as shown in figure 5.11.
The finite element model result in figure 5.12 shows the losses (absorption) to be in 
the same frequency region. The analytical model parameters were altered shghtly to give the 
same result as the FEM for loss of the SRR’s, as shown in figure 5.13.
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Figure 5.13: normalised absorption o f  the finite elem ent m odel given the structure o f  figure 5 .10  as seen as a red 
line w ith a analytical fit from the analytical model overlade as a blue line assum ing the fo llow ing parameters R\ 
= 1.75 n ,  R2 =  55 Q,  L \ = L 2 =  13.5 nH, Q  = Q  = 0 .25  pF, C = 1.1 pF.
As shown in figure 5.13, at a frequency of 3.29GHz, absorption of the metamaterial
tends to zero, validating the principle of suppressing the scattering loss. The electric fields at
this frequency of suppressed scattering loss show that the bad SRR is emitting no light, i.e.
electric current within the bad SRR is not circulating as can be seen by the fact that no
electric fields are present in the bad SRR arm gaps. The good SRR however, is emitting, but
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the elex:1üic cüfXDles as seeii between die airns zue iiaturally czuicelUiig oiie arwidier cwü, aiiid 
since the wavelength is much greater than the meta-atom size emission is reduced. The 
magnetic dipole is reduced by virtue of reduced current. This supports the initial premise that 
scatteriiig can be suq^pressed dirouy^ h the iidchtion lof a liad ZSFtR, \vlueli \vrdiiii a iiarrow 
frequency band, does not contribute to loss.
Having confirmed the low loss resonance and analytically varied the structure to 
optimise performance, the most pressing concern in regards to manufacture would be 
achieving the correct frequency for the low loss resonance although the response will be 
narrow, having the SRR geometries different will spectrally broaden the response improving 
tolerance of the devices around this low loss resonance.
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Conclusions
Transmission within the silver nanoforest is mainly affected by the interference of the front 
and back surface of the structure above 800nm wavelengths as the plasmonic responses are 
mainly found that short wavelengths. Plasmonic interactions cause reflection and absorption 
at visible wavelengths (380nm-780nm), thus causing low transmission in this spectral region. 
Retrieval of effective parameters showed that the interference of backward and forward 
waves induced a diamagnetic effect.
Geometric variation of the silver nanoforest revealed that when the nanowires are in 
close proximity to each other i.e. 2nm gap separation perpendicular to the propagation light, 
detrimental reduction in transmission along with the elimination of potentially useful 
effective magnetic properties were observed. In addition to close nanowire spacing, the shape 
of the silver nanowires was also found to greatly influence transmission and effective 
magnetic properties. However, as with the placement of the wires too close together, 
changing the shape of the wires to square as opposed to circular resulted in a reduction of 
overall transmission and strong wavelength sensitivity. The reason for this shift in 
transmission and effective magnetic properties with shape change, was intense localised 
surface plasmons focused at the comers of the square wires, this resulted in large electric 
fields being generated. Transmission is therefore degraded, when a localised surface plasmon 
resonance focused at the comers of the wires is excited, as the large electric Aelds generated 
both impede and dissipate the energy contained within the light.
Disorder in the system was modelled through random distribution of size/placement 
of the silver nanowires. Positional disorder was found to have a detrimental effect on 
transmission and effective magnetic properties only when the silver nanowires through 
random placement were in close proximity to each other. Disorder in the size (radius) of the
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silver nanowires was found to be far more disruptive to effective properties then positional 
disorder, however, not prohibitive to magnetic responses observed.
Fragmentation of the silver nanowires along their length i.e. when the wires are no 
longer continuous but instead have gaps along their length, was found to greatly change 
transmission and reduce effective magnetic responses when the gaps separating wire 
fragments were comparable to the wire length. Both negative permeability and negative 
refractive index were found within the silver nanoforest, however these responses did not 
coincide at the same wavelength or configuration of the silver nanoforest. The negative 
refractive index was caused by negative permittivity and large magnetic loss, and was 
confined to a narrow wavelength region. As large magnetic losses generated this negative 
refractive index, losses were naturally very high, prohibiting useful applications. In addition, 
disorder causes this negative refractive index to become positive. On the other hand, the 
negative permeability was found to occur with non zero, through reduced, transmission and 
disorder did not eliminate the presence of this negative permeability. Furthermore to the 
investigation of the silver nanoforest, confirmation of a method of loss suppression was 
verified through the use of the finite element method. This method for loss suppression was 
based upon destructive interference of the scattered wave from split ring resonators.
This scattering suppression involved adding a companion split ring resonator with an 
artificially increased ohmic loss. This increased loss split ring resonator, couples with its 
neighbour, changing the neighbouring good split ring resonators response to incoming 
electromagnetic radiation. Both analytical and finite element simulations show that losses 
reduce dramatically for a narrow frequency region where the artificially lossy spht ring 
resonator causes an anti symmetric response in is neighbouring split ring resonator. This anti­
symmetric response results in the neighbouring good split ring resonator having two dipoles 
creating scattered waves which are half a cycle out of phase. This in turn causes the scattered
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wave to be almost perfectly cancelled out in the far field, reducing the scattering loss of the 
split ring resonators greatly, and therefore reducing the overall loss of split ring resonators.
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